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Abstract
An experimental investigation of the influence of rotation on the heat transfer in a smooth,
rectangular passage rotating in the orthogonal mode is presented. The passage simulates
one of the cooling channels found in gas turbine blades, both with inward and outward
flow. A constant heat flux is imposed on the model. The effects of rotation and buoyancy
on the Nusselt number were quantified by systematically varying the Rotation number,
Density Ratio, Reynolds number and Buoyancy parameter. The experiment utilizes a high
resolution infrared temperature measurement technique in order to measure the wall
temperature. The experimental results show that rotational effects on the Nusselt number
are significant and proper turbine blade design must take into account the effects of
rotation, buoyancy and flow direction.
The behavior of the Nusselt numbers depends strongly on the particular side, local
axial location, flow direction and the specific range of the scaling parameters. The results
show a strong coupling between buoyancy and Coriolis effects throughout the passage.
For outward flow, the trailing side Nusselt numbers increase with rotation number relative
to stationary values. On the leading side, the Nusselt numbers tended to decrease with
rotation near the inlet and subsequently increased farther downstream in the passage. The
Nusselt numbers on the side walls generally increased with rotation. For inward flow, the
Nusselt numbers generally improved relative to stationary results, but increases in Nusselt
number were relatively smaller than in the case of outward flow. For outward and inward
flow, generally increasing the density ratio tended to decrease Nusselt numbers on the
leading and trailing side, but the exact behavior and magnitude depended on the local axial
position and specific range of Buoyancy parameters. Similar trends of rotation were noted
at a higher Reynolds number, although the Reynolds number effect was secondary
compared to rotational effects.
A momentum integral model of the flow in a heated rotating duct was also
developed. It assumes a core and boundary layers along the duct walls. The Coriolis and
buoyancy terms are maintained in the equations of motion, profiles are assumed for
velocity and temperature and the resulting differential equations are solved to give the
variation of Nusselt number in the radial direction. A parametric study conducted with the
model shows that the model predicts the correct behavior of Nusselt number with rotation
up to a Ro of 0.20 on both the leading and trailing sides.
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Chapter 1
Introduction
1.1 Introduction
The further development of high performance jet engines as well as ground based
turbines depends on an increase in thrust per unit of air flow, a rise in thermal efficiency
and an improvement in fuel consumption. In turn, these goals can be met by increasing the
turbine inlet temperature, accompanied by a simultaneous increase in compressor pressure
ratio [13]. However, the gains in performance as a result of a higher turbine inlet
temperature impose severe limitations on the structural and operational life of turbine
components, particularly turbine blades.
Such limitations may be overcome or at least reduced by cooling these highly
stressed turbine blades. Different types of cooling may be employed, including film
cooling, impingement cooling and convective internal cooling. Figure 1-1 shows a typical
turbine blade and different cooling schemes used in order to keep the metal temperature a
few hundred degrees below the flow temperature. Of these schemes, the focus here will be
on internal convection cooling.
From figure 1-1 one observes that the internal passages of these blades are fairly
complex. They can be staggered with respect to the axis of rotation, have irregular shapes
and they may resemble a serpentine passage as many of them may be placed next to each
other in series and connected by bends. Thus it is expected that the heat transfer in these
passages is complicated based just on geometry and flow conditions alone, without even
mentioning effects of rotation.
Rotation affects the internal heat transfer mechanism significantly and as will be
shown, while it can enhance cooling on certain surfaces it may impede cooling on others.
Thus a blade design based on stationary heat transfer correlations may experience large
local thermal stresses or its cooling system may be less than optimal.
The designers of such turbine passages must have then a comprehensive database
which they can use in order to accurately predict blade thermal stresses and minimize the
use of coolant for efficient designs and this data must include all of the important effects
due to geometry and rotation or heat transfer rates may be grossly miss estimated.
Figure 1-1: Schematic of Turbine Blade Cooling Schemes
In order to accomplish this task, numerical and experimental studies must be
undertaken in more simplified geometries. To improve the design of cooling systems it is
important to understand the physics of fluid flow and heat transfer in these passages. This
work is a contribution to the wealth of data and results already compiled in an effort to
understand the complex nature of the heat transfer processes involved.
1.2 Previous Research on Internal Heat Transfer
As was discussed in the introduction, the flow in the internal cooling passages can
be very complicated as a result of the flow conditions and geometry. The effects of rotation
and heating complicate this flow picture even more. To isolate and study these effects one
Internal
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Leading edge
can use either empirical methods or numerical simulation. A third approach is theoretical
modeling which will be discussed in a subsequent section.
A large number of investigators have performed experimental studies of both heated
and unheated flow in scaled, more simplified versions of the cooled blade problem. Several
simple geometries have been studied, including triangular, square, rectangular and circular
ducts. Different conditions have been imposed on the duct walls in order to simulate the
condition of heating. Typically either the walls are at a constant wall temperature or the heat
flux to the walls is constant and the wall temperature varies. In addition, numerous flow
conditions have been examined, including high and low Reynolds number flows, thermally
and hydrodynamically fully developed flows, flows at high and low rotation rates, inward
or outward flow as well as low and high heating rates. Geometry and flow direction are
very important in determining the heat transfer in these ducts and as figure 1-1 shows
turbine blades may have many of these alternating flow passages built into them.
The passages tested also may have either smooth walls or rib-roughened walls,
which are found to enhance heat transfer. Some inconsistencies do exist among
investigators, probably due to different measurement techniques and test conditions,
however, there are some findings to date which are generally accepted.
On a qualitative level, these results show that rotation increases the heat transfer on
the trailing or high pressure side and lowers the heat transfer on the leading or low pressure
side when the flow is outward. When the flow is inward the reverse trends seem to hold.
In general, an increase between the coolant and wall mean temperature amplifies these
trends. These observations, although well accepted and predicted both by experiments and
computational work are too general to be useful for design. In order to see how the various
physical mechanisms interact and their net effect on heat transfer a closer look at studies to
date is necessary.
The studies of some investigators have been compiled in Table 1.1 for easier
reference during the discussion that follows. The name of the investigator is given and
whether the type of the experiment was experimental or computational ( Exp/CFD ). BC
indicates the boundary condition, whether a constant wall temperature ( CWT ) or constant
heat flux ( CHF ) was used. The Reynolds number range ( Re ) is given along with the
Rotation number ( Ro ) and Density and Buoyancy parameters. The exact definition of
these parameters will be presented later, but essentially they provide for a way to quantify
the effects of centrifugal buoyancy.
Guidez [5] performed experiments on rectangular channels with radially outward
and radially inward turbulent flow, although he did not present any data on inward flow.
These results show a global augmentation in heat transfer due to rotation and locally an
increase in heat transfer on the pressure side and a slight decrease on the suction side. The
Investigator Type BC Re x 103  Ro Dens Ratio Buoyancy
Wagner & Johnson Exp CWT 12-50 0.0-0.48 0.0-0.22 0.0-1.4
Guidez Exp/CFD CHF 17-41 0.02-0.20
Han & Zhang Exp CHF/CWT 2-20 0.0-0.35 0.06-0.1 0.0-0.6
Morris & Ghavami Exp CHF 15-30 0.0-0.1
Prakash & Zerkle CFD CWT 25 0.0-0.48 0.01-0.22
Iacovides& Launder CFD CWT 32-97.5 0.005-0.2
MIT (Barry, Jones) Exp CHF 24-115 0.04-0.73 0.05-0.36 0.04-6.18
Table 1.1: Summary of some previous investigations on internal heat transfer
general quantitative agreement with other data was not good and this was attributed to
different channel geometries and inlet effects. The numerical simulation predicted the
effects of the Coriolis induced secondary flow and the distortion of the velocity and
temperature fields due to rotation.
Morris and Ghavami-Nasr [18] in their experiments on rectangular ducts with
outward flow also found an enhancement in local and mean heat transfer due to rotation.
They found that there was a tendency for the local and mean heat transfer to increase with
increases in the wall to fluid temperature difference and they noted the importance of this
rotational buoyancy effect.
Prakash and Zerkle [22] solved the full Navier Stokes equations over the turbulent
flow regime for a smooth, square duct with outward flow, using a standard ic- turbulence
model with no modifications due to rotation. They focused on the effects of centrifugal-
buoyancy, inlet conditions and a comparison between a single passage and a two leg
passage as an exit condition. They concluded that as a result of the Coriolis generated
secondary flow, cooler fluid is transported toward the trailing side from the center thus
causing an increase in the local heat transfer. They noted that on this side heat transfer
increased with increases in density ratio and rotation. On the leading side, they found that
the heat transfer decreased initially then subsequently increased downstream. Regarding the
effect of buoyancy, they found that its effects are fairly complex and it tends to further
increase heat transfer on the trailing side while suppressing it on the leading side, although
when buoyancy effects are very strong, heat transfer at the leading face is enhanced near
the exit. They concluded that incorporating buoyancy in further studies is essential for
correct predictions.
Perhaps one of the most systematic investigations of internal heat transfer was that
of Hajek, Wagner, Johnson, Higgins and Steuber [6]. They performed experiments on
smooth square serpentine passages, with both outward and inward flow and provided an
extensive body of information for the separate effects of forced convection, rotation,
buoyancy and flow direction on heat transfer. They concluded that density ratio and
rotation number cause large changes in heat transfer for radially outward flow and relatively
small changes for radially inward flow. They found that regardless of flow direction, the
heat transfer on the low pressure surfaces was primarily a function of the buoyancy
parameter. Further, the heat transfer for the high-pressure surfaces was affected by flow
direction and they concluded that it is a strong function of the buoyancy parameter for
outward flow and relatively unaffected by this parameter for inward flow. They explained
the markedly different effect of flow direction on heat transfer in terms of parallel and
counterflow situations, during which the combined Coriolis and buoyancy mechanisms
may oppose or enhance heat transfer.
Johnson and Wagner et al. [11] also performed experiment on square serpentine
passages with turbulators. They made similar observations as before regarding the
increases in heat transfer as a result of rotation. Specifically, for the flow through the
turbulated passage they concluded that turbulators improve heat transfer, both on the
leading and trailing sides. However, heat transfer rates in the tripped passages at the higher
rotation and buoyancy parameters were not significantly greater than heat transfer rates in
the smooth passages, for the same parameters.
Han and Zhang [7] investigated the effect of uneven wall temperature in a smooth,
rotating channel with outward flow. They also carried out a test case during which the
leading and trailing sides were hot and the duct sidewalls were cold, in addition to the
constant wall heat flux and constant wall temperature cases. They also noted the same
general trends as previous investigators regarding the effects of rotation on heat transfer,
that is that the decreased ( or increased) heat transfer coefficients on the leading ( trailing )
surface are due to the cross-stream and centrifugal buoyancy-induced flows as a result of
rotation. Perhaps the most important observation in their work was that in the case of a
constant wall heat flux experiment the Nusselt numbers on the trailing face may be up to
20% higher than in a constant wall temperature experiment. Similarly, for the leading face,
the Nusselt numbers for the constant heat flux experiment may be 40-80% higher.
The work of Morris and Ayhan [17] and Harasgama and Morris [8] is also of great
interest. Morris and Ayhan performed experiments in a cylindrical tube with constant heat
flux and radially outward flow. They found that the improvement in heat transfer due to the
Coriolis acceleration may be nullified due to the interaction with the centrifugal buoyancy.
Also, one of their conclusions which is of importance in this experiment is the systematic
reduction in heat transfer with increasing buoyancy. Harasgama and Morris noted that in
the case of inward flow the mean Nusselt numbers generally tend to be higher than the
corresponding zero speed cases and increasing the rotation had a detrimental effect on heat
transfer on the leading side.
Barry [2] and Jones [12] at MIT investigated heat transfer in rotating passages
using a high resolution temperature measurement technique. They tested several models,
including a smooth rectangle and square as well as a turbulated rectangle. The flow was
outward and the walls were maintained at a constant heat flux. Barry concluded that heat
transfer increases generally on the leading and trailing surfaces with increasing buoyancy
parameter, with the actual magnitude depending on geometry and internal surface
conditions. She also noted a significant improvement in heat transfer in the turbulated duct
compared to the other passages. Jones performed similar work and found that channel
geometry has strong effects on heat transfer rates. He found that generally rotation
enhances heat transfer, but noted a minimum in heat transfer on the leading face with an
increase in density ratio. This minimum was at a density ratio of about 0.2. He also found
that increasing the Reynolds number decreased the heat transfer in the rectangular duct. The
smooth square and rectangle passages were very similar regarding heat transfer
performance, with the smooth square giving higher Nusselt numbers near the inlet.
Numerous other publications are available and they will not be discussed in detail
here. For example, one may consider reviewing the work of Morris [21], Morris and
Salemi [20] for experimental work and Tekriwal [24] and Speziale [23] for some
interesting discussions of numerical simulation results. There have also been numerous
theoretical treatments of the problem. Some of them will be discussed in a later chapter.
1.3 Objective of this Work
This work is part of an ongoing experimental research effort at the MIT Gas
Turbine Lab in order to investigate the effects of rotation on the internal heat transfer of
turbine airfoils. The first results of this effort were reported by Barry [2] and Jones [12].
This work is a contribution to this research program, aimed at improving our understanding
of the fundamental physics of these heat transfer processes.
This work focuses on a full parametric study of the effects of rotation in smooth,
rectangular passages. The temperature measurement method used here is also that used by
Barry and Jones and it is characterized by a very fine level of resolution. Two flow
configurations are investigated, a smooth passage with outward flow and the same passage
with inward flow. The walls are maintained at a constant heat flux condition. Some data
overlap with previous studies exists, however, inward flow measurements have not been
attempted before with this high resolution technique.
Although the goal of this work is primarily an experimental study of the effects of
rotation, this work is also supplemented by a simple flow model which aims to capture
certain key physical features of the flow in these rotating channels. The motivation for the
model comes from the fact that so far the majority of the research has been either on
experimental or direct numerical simulation. This is understandable as this type of flow is
quite complicated. However, a theoretical treatment which allows a parametric study, at
least at a simplified level, may aid our understanding of the key heat transfer phenomena
significantly.
The combination of the body of data collected in this work and previous
investigations at GTL is probably of great interest to several engine designers, including
designers of ground based turbines. This data may also be applied toward the validation of
codes in development as well as a guide for design of innovative turbine blade cooling
schemes. In addition, as part of the Gas Turbine Lab internal heat transfer research
program, a flow visualization effort in these heated, rotating ducts using particle image
velocimetry is under way. The resulting flow field measurements combined with the heat
transfer data can provide a better picture of fluid flow and heat transfer in rotating cooling
channels.
Chapter 2
Experimental Overview
2.1 Preliminary Experimental Considerations
As was discussed in the previous section, rotation introduces centrifugal, Coriolis
and buoyancy forces on the cooling gas inside a turbine blade passage, all of which interact
to give a very complicated flow and temperature field. Indeed, a number of very interesting
fluid mechanical phenomena may be encountered inside these passages, ranging from
secondary flows and turbulence to stability of boundary layers and separation. In addition,
because the flow field is coupled to the temperature field, there are interesting heat transfer
phenomena which may occur. It is important then to design an experiment so that, at least
to some degree, the effects of such phenomena may be captured.
In heat transfer experiments the quantity of interest is the distribution of the local
heat transfer coefficient. The accurate determination of the heat transfer coefficient on the
inside and outside of these passages requires highly resolved measurements of the internal
and external wall temperature distribution under appropriately simulated conditions.
Usually, the temperature distribution in these passages is obtained by low
resolution methods, such as thermocouple measurements. The instrumentation necessary
for these methods can be quite complicated, hard to debug and it must operate reliably
under a harsh rotating environment. More important, because of its low resolution
capabilities, the effects of such interesting phenomena mentioned previously may be missed
altogether. Thus this dictates the use of a non-contact method as an alternative. In
particular, measurements via a radiometric method can provide us with a detailed
temperature distribution and this is exactly the approach pursued here.
In this work, an infrared, high resolution technique is used in order to measure the
temperatures on the outside wall of a rotating heated duct. Then by making suitable
assumptions about the flow and by prescribing thermal boundary conditions, it is possible
to obtain relatively accurate heat transfer coefficients. It should be noted that this is not a
novel technique as it is used here since Kreatsoulas [14], Barry [2], Jones [12] and a few
others at MIT successfully used this method previously in similar experiments and they
have contributed immensely to its constant refinement and successful implementation.
In this section the fundamental experimental concept will be presented first. The
implementation of the radiometer technique will then be presented. Then the relevant
scaling laws which govern the experiment will be discussed. In subsequent chapters the
experimental apparatus will be described and details will be given about the experimental
procedure. Then the experimental results and a discussion will be presented, followed by a
simple flow model of the flow in a heated rotating duct, then a summary and conclusions.
2.2 Fundamental Experimental Concept
Heat transfer associated with internal cooling consists of the following processes:
a) Convection from the hot gas to the external blade wall
b) Conduction through the wall
c) Convection from the inside wall to the cooling medium.
The basic experimental idea and some details about it are as follows. This
experiment simulates one of the internal cooling passages of a blade, both with inward and
outward flow. The passage here consists of a metal rectangular tube which is heated by
passing current through it. It is made out of material which has nearly constant resistance
and thermal conductance and it is cooled on the inside by passing freon through it. The
walls are made very thin on purpose so that conduction through them can be neglected.
This ensures that the wall temperature measured on the outside may be taken to be the
temperature of the inside wall as well.
The energy radiating by the model is sensed by an infrared detector. There is radial
and circumferential conduction and there may be changes in the local surface emissivity.
The latter may be taken into account by an appropriate calibration procedure which will
produce a temperature-voltage map of the surface and thus the temperature may be inferred
for a measured voltage. The whole assembly rotates in vacuum, so there is no external
convection to the surrounding medium.
Given the above setup, the heat transfer coefficient may be computed by
considering an energy balance for every point of the model from which radiation was
collected. Since there is no external convection, the energy radiated and the heat conducted
and convected to the cooling medium must balance each other. With the wall temperature
known from the infrared detector and also by measuring bulk fluid properties, the heat
transfer coefficient may be determined.
The infrared detector is accompanied by an appropriate imaging system, for
purposes of focusing. In addition, because the duct is a rectangular model, the radiometer
can only measure the side directly in front of it, so in order to view the other sides such as
the back, trailing and leading, mirrors are used to redirect the radiation from these sides to
the focusing system, then the radiometer.
The thin metal tube rotates in vacuum on the end of an arm which is equipped with
the necessary piping in order for the flow to travel up to the model. In addition, heat
exchangers are used in the set-up for various reasons to become clear later on. The rotating
arm is equipped with onboard instrumentation and the signals are brought from the rotating
frame out to the stationary frame via slip rings. The data acquisition is mostly via a
computer terminal and allows for measurements in the rotating frame.
Now that the main experimental concept has been presented, a few points must be
noted about the experiment. First, it was described above that the model of the passage is
heated by resistive heating and its resistance is nearly constant with temperature. Thus by
varying the current a desired value of the heat flux to the tube may be obtained, while the
wall temperature varies. Thus this experiment is of the constant heat flux type. Note that in
a real gas turbine blade the thermal boundary conditions are probably neither constant wall
temperature nor constant heat flux.
In addition, the inlet and exit conditions are important to the heat transfer
characteristics in the passage. In real blades, the flow at the inlet is not necessarily either
uniform or fully developed in the hydrodynamic or thermal sense. For example, the inlet to
say the first outward flow passage may have a sharp and short entrance region, while
before the flow enters the inward flow passage it must flow through connecting bends. In
this experiment there are no connecting bends and the inlets ( outlets ) are different for the
two configurations. The inlet velocity profile is not known and it may possibly be affected
by rotation. Thus porous plates are placed at the inlets ( outlets ) in an effort to condition
the inlet profiles and at least provide some degree of consistency between observations for
the two flow situations.
Finally, it must be noted that while the wall temperatures are resolved by the
infrared detector, bulk fluid properties are measured by thermocouples. Thus one does not
expect the same resolution in bulk temperatures as in the wall temperatures and the reader
must be aware of this because as one would expect this affects the calculation of the heat
transfer coefficients. However, overall one expects significant improvement in the heat
transfer measurements compared to other methods.
2.3 Infrared Surface Temperature Measurements and
Computation of Heat Transfer Coefficients
Now that the fundamental concept has been presented a more rigorous treatment
follows.
The infrared detector collects a cone of energy emitted from the point of
measurement on the surface of the rectangular model. This radiation is focused by the
imaging system on the sensitive element of the IR detector. The side in front of the detector
may be viewed directly, however, for the three remaining sides flat mirrors are used behind
the model in order to redirect the radiation on the focusing system. Figure 3-5 in Chapter 3
shows a schematic of the focusing system and infrared detector with respect to the model.
Details regarding the mirrors and the optical system will be presented in the next chapter,
under a discussion of the experimental apparatus.
The infrared detector is mounted on translating stages that allow both vertical and
horizontal motion. With the vertical stage, the detector is moved to a particular radial
location and as the model rotates by it "scans" across the surface. Thus for every radial
location on the model, a number of points in the circumferential direction are obtained. The
horizontal stage is used in order to focus the detector on one of the four sides of interest
and this is done via a focusing procedure, details of which are given later.
The surface of the model is coated with black paint in order to promote uniform
emissivity, however changes in local emissivity are expected. In addition as the trailing,
leading and back sides are viewed with mirrors, imperfections due to the optical system
may be introduced in the measured signal. Also recall that in radiant energy exchange,
shape factors depend on the geometry and orientation of the surfaces involved. Thus it is
important once the model is fixed with respect to the mirrors to somehow calibrate these
effects out. This is achieved by a calibration procedure which is described in detail in
Appendix A. Essentially, during the calibration procedure a voltage-temperature calibration
pair is created for each element on the model. Several temperature settings over the range
of the actual experimental runs are used and thus a measured voltage during an actual run
can be looked up in this calibration table to give the local wall temperature.
With this calibration information available, a finite element scheme can be used for
computing the heat transfer coefficients. Consider first figure 2-1, which shows the
rectangular model composed of smaller elements and also shows one of these elements
with the different forms of energy exchange that take place in this volume. At steady state a
power balance on this element yields:
Qelec + Qconv + Qrad + Qcond = 0
where Qelec is the heat due to resistive heating, Qrad is the energy radiating from the
element, Qcond refers to heat conducted in both the radial and circumferential direction and
Qconv is the heat convected to the cooling fluid. Implicit in equation 2.1 are the
assumptions that conduction between the outside and inside walls is negligible due to the
thin walls and there is negligible convection to the outside since the model rotates in
vacuum. If the convective term is written as Qcon = helemAelem (Tw - Tb) ( this is the
familiar Newton's law of cooling where h is the heat transfer coefficient ) and equation 2.1
is solved for the heat transfer coefficient h ( being careful with the sign convention of the
various terms in equation 2.1 ) we obtain:
helem = Qelec - Qcond + Qrad (2.2)
Aelem(Tw 
- Tb)
Finally if the conduction, radiation and electrical heating terms are written in terms of
Fourier's law of conduction, Stefan-Boltzmann law and Ohm's law respectively we obtain:
2Rf AxAy + kVT An - eaoAxAy(Tw 4 -To 4 )As
helem = ( 2.3 )AxAy(Tw 
- Tb)
In the above equation, Ax and Ay are the dimensions of the element as shown in figure
2-1. I is the current to the model and Rf is the resistance of the model. As is the model
surface area, k is the model thermal conductivity and An is the appropriate area depending
on whether radial or circumferential conduction is considered. e is the emissivity, T is
Stefan-Boltzmann's constant and Tw is the wall temperature measured by the IR detector.
Tb is the bulk or mixed temperature.
(2.1)
Model
Figure 2-1 Finite Element Scheme for h
In equation 2.3 the wall temperatures are measured and all the other terms such as current,
element size etc. are known. The conduction term is computed by fitting polynomial curves
through the temperature data and then taking the derivative analytically from these fits. In
the radial direction a fourth order polynomial is used. For the front and back faces a second
order polynomial is used for circumferential conduction but on the leading and trailing,
because of their small temperature variation, a linear profile is used. More details on this
scheme can also be found in [12].
The bulk temperature used in equation 2.3 is the local bulk temperature. This is
computed by assuming that the bulk temperature profile varies linearly along the test
section. This procedure is partially justified by the fact that in a constant heat flux
experiment in a stationary tube with fully developed flow, the bulk temperature varies
linearly with distance downstream, as opposed to a constant wall temperature experiment in
which the temperature varies exponentially with distance downstream. In the actual
experiment the inlet and outlet bulk temperatures are measured and the computed bulk
Qcond ly+Ay
Ix+Ax
Qcond ly
temperature is checked against the measured one. This difference gives another way of
checking the experimental accuracy.
Equation 2.3 gives the local heat transfer coefficient for each element. The units are
in W/m2 K. However, as it is common in heat transfer, results are presented in terms of the
dimensionless Nusselt number, commonly defined as:
Nu = hDh (2.4)
k
where Dh is the hydraulic diameter and k is the thermal conductivity of the fluid evaluated
at the local bulk temperature. More details on evaluation of physical properties will be given
in the next section.
It is also common in rotating heat transfer experiments to normalize the data by the
Nusselt number for stationary, turbulent flow in a pipe given by the familiar Colburn
equation [12]:
Nu. = 0. 023 ReDh0.8 Pr0.33  ( 2.5 )
where the Reynolds number is also based on the hydraulic diameter and Pr is the Prandtl
number. This correlation applies to smooth, circular tubes, for fully developed flow and no
rotation. However, the experiment does not necessarily have fully developed flow and so
in most cases the results are presented in terms of the raw Nusselt numbers, unless some
comparison has to be made with other investigators' data or there is a need to emphasize a
comparison between stationary and rotating results in which case the above equation will be
used.
2.4 Scaling Laws and Experimental Test Conditions
As was outlined previously, in a rotating heated duct, the usual forced convection
mechanism must be modified due to the presence of Coriolis forces and centrifugal
buoyancy. The governing equations of mass, momentum and energy which describe this
type of flow will not be given here as they are described in a later chapter. However, if
these equations are made dimensionless by suitable terms in the usual manner, certain
dominant scaling parameters arise that describe the heat transfer processes in these
passages. The reader is referred to [6] for a complete derivation of these parameters. They
will just be presented and explained here.
The first governing parameter is the Reynolds number based on the channel
hydraulic diameter, defined as:
ReD -pUDh (2.6)
It represents the ratio of the convective inertia forces to viscous forces and it has an
appreciable effect on the flow field.
The effects of Coriolis can be quantified using the Rotation number, which is the
inverse of the well known in rotating studies Rossby number:
Ro= QDh (2.7)
U
This number represents the ratio of the Coriolis forces to the convective inertia forces.
Rotation generates secondary cross stream flows in these channels and the effect of these
flows on the Nusselt number can be assessed with the Rotation number.
Because the flow is heated and buoyancy effects arise, a parameter to describe the
strength of the buoyancy force is necessary. In this experiment, the Density ratio or Density
parameter is used, defined as:
AP - Pb - Pw (2.8)
P Pb
However, the Density ratio is always evaluated at the wall and bulk temperatures, not the
density, so it is usually written as:
Ap_ Tw -Tb (2.9)
p Tw
Because the effects of Coriolis and buoyancy forces may be coupled, a fourth
parameter is used that combines the effect of buoyancy, Coriolis force and geometry. It is
the Buoyancy number or parameter defined as [6]:
DBo = Ro R (2.10)
Note the presence of the passage geometric aspect in the Buoyancy parameter, where R
denotes the radius of rotation and how this geometric aspect R/Dh has a direct impact on a
particular turbine design. Also note the strong dependence of this parameter on rotation (
proportional to Ro 2 ). The buoyancy parameter is extremely valuable in predicting the
strength of secondary flows in the radial direction and in a gas turbine blade and in the
passage here, the effect of buoyancy is radially inward, regardless of flow direction [6].
Other dimensionless groups common in heat transfer such as the Grashof number and a
modified Rotational Rayleigh number [8] can also be used, although it has been found that
the above parameter captures the effect of buoyancy quite well .
In addition to the above parameters the familiar Prandtl number arises, defined as:
Pr = ( 2.11)
k
It represents the ratio of the viscous momentum diffusion to the diffusion of heat and in
general the convective heat transfer characteristics of a particular flow depend strongly on
the Prandtl number. Typically, for gases Pr=l and so usually it is taken to be constant in
internal cooling problems.
So far, five dimensionless groups have been presented along with the geometric
parameter R/Dh. If these have not already made the reader to fully appreciate the complexity
of the problem, there are additional important parameters which describe the flow. Four
more geometric parameters are:
i) Axial Location to Hydraulic diameter, x/Dh.
ii) Channel Length to Hydraulic diameter, L/Dh.
iii) Passage Aspect ratio, AR.
iv) Passage Orientation or Stagger.
Finally, there are three more important conditions which set the flow characteristics and
they are:
v) Flow direction, Inward or Outward.
vi) Thermal boundary condition of either constant wall temperature or constant heat flux.
vii) Model Internal Surface condition.
The axial distance is important because the range of x/Dh determines such features
as whether the flow is hydrodynamically or thermally developed and different effects of
rotation may be found at different axial locations. Passage orientation plays a role because it
is expected that the Coriolis induced secondary flows in the cross flow plane will be
affected by stagger. The aspect ratio is also related, as it can have a strong influence on heat
transfer near the inlet as well as the development of the wall layers. Also in terms of design
it is important to note whether one AR design is advantageous over the other as space can
be a premium in these blades, among other factors. The surface condition is important as
wall roughness for example affects the shear layers and thus can augment the heat transfer,
while the secondary flows produced in rib-roughened channels due to the ribs may be of
equal importance in the heat transfer behavior as the Coriolis and buoyancy induced flows.
Flow direction in these passages is extremely important. When the flow is radially
outward, buoyancy is inward while when the flow is radially inward, the effect of
buoyancy is still radially inward. Thus it is possible to setup co-flowing and counter-
flowing situations during which significant changes take place to the flow field as a result
of these mixed flow interactions [6].
The last parameter related to heat transfer is the Nusselt number, which is also the
desired experimental result and was defined previously as:
hDhNu- (2.4)
k
It is quite clear then that variation of all of the above parameters in a full parametric
study could keep the investigator busy for several years! In this experiment many of these
parameters are fixed. Table 2.1 summarizes the pertinent geometric features of the model
used in this experiment. Note that Length refers to the length of the model in the radial
direction where as height and width refer to the cross section of the model.
Table 2.2 shows typical values of the dimensionless parameters of interest to engine
designers of both aircraft and ground based turbines and of those achievable in the MIT rig
in order for the reader to see where this experiment fits in parameter space.
Geometry Rectangle
Surface Condition Smooth
UDh 13.5
R/Dh 61.0
Dh 7.5 mm
Width 0.0162 m
Height 4.90x10- 3 m
Length L 0.10 m
Wall Thickness 0.254x10-3 m
Table 2.1: Model Passage Configuration
MIT Rig Aircraft Engine Ground based Turbine
Re up to 100,000 = 25,000 = 800,000
Ro 0 to 0.6 0.24 0.1 to 0.4
Density Ratio 0.1 to 0.3 0.1 0.16 to 0.29
Buoyancy 0 to 3 0.1 up to 10
R/Dh 90 to 170 50 90 to 170
L/Dh 13 to 25 12 13 to 25
Table 2.2: Typical MIT Rig and Real Engine Scaling Parameter Range
All of the above parameters are evaluated based on the physical properties of the
coolant used, in this case freon 12 and experimentally measured quantities such as current,
mass flow, pressure and temperature. The evaluation of physical properties and of these
scaling parameters is given in Appendix B. In the remaining part of this section a brief
description of the test plan is given.
In this experiment, the geometry is fixed as shown in table 2.1. The stagger angle
with respect to the axis of rotation is zero in this set of runs. To be more precise, the
leading and trailing sides which are the shorter of the four sides are parallel to the axis of
rotation where as the side walls which are the wider two sides are at a ninety degree angle
to the axis of rotation. Figure 2-2 clarifies this point.
Two flow directions are tested, outward flow and inward flow. The thermal
boundary condition is of the constant heat flux type. Thus all of the previously discussed
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Figure 2-2: Front and Top View of Model Passage Orientation
parameters reduce to choosing the Reynolds number, Rotation number, Density ratio,
buoyancy parameter and determining the Nusselt number.
Two Reynolds numbers are chosen for this experiment, one at 25,000 and one at
70,000. A range of rotation numbers is chosen, beginning from a Ro=0.06 up to 0.54,
depending on the Reynolds number and flow conditions ( recall that the rotation number
depends on the rotation rate and the flow velocity ). An attempt is made to span the rotation
number range completely, from very low to very high. Typically, 5 rotation numbers are
chosen to test at.
With these two parameters fixed then, the Density ratio is set by setting the amount
of heating to the model. However, because the experiment here is of the constant wall heat
flux type, the wall temperature which is needed in the evaluation of the density parameter
cannot be set a priori. Density ratios of 0.1 to 0.3 are obtained here, with an attempt to test
at what is called a lower density of = 0.10, a middle density of = 0.20 and a high one at =
0.30. These span the range of interest indicated in table 2.2, depending on the particular
application of interest. The Buoyancy number cannot be set a priori but instead is computed
from the density ratio and rotation number as it was shown previously.
Limitations on the rig and experimental conditions are given in Appendix B, section
B. 1. In the next chapter the experimental apparatus and procedure are presented, followed
by a discussion of the results.
Trailing
Chapter 3
Experimental Apparatus and Procedure
3.1 The MIT Internal Cooling Facility
The experimental facility used in these studies is a fully scaled, rotating heat transfer
rig originally designed and used in impingement cooling studies by Kreatsoulas [14] and
subsequently modified and used in internal cooling studies by others, including Jones [12]
and Barry [2]. The rig is shown in a schematic in figure 3-1. It is composed of an arm that
rotates in vacuum, upon which a test section is mounted. The rotor also holds the necessary
heat exchangers and piping in order for flow to go through the test section and back out to
the stationary frame. There is on board instrumentation and signals are brought out to
readout devices by means of slip rings. Power slip rings allow current to pass from a
stationary power supply to the rotating model. A housing in front of the facility holds
translating stages with two degrees of freedom upon which sits the infrared detector and
imaging system. The facility is connected to an outside compressor and piping system that
allows for flow to reach the test section by means of seals.
In this section, details about the facility will be given first, including the rotor,
instrumentation and flow system. Then the experimental procedure will be presented.
3.2 The Rotating Arm Assembly
The rotor in the experiment is housed in a vacuam chamber with an inside diameter
of approximately 50 inches ( See also figure 3-1 ). The rotor diameter is 32 inches. It is
constructed of 17-4PH steel and it is composed of six parts, two large plates and four
spacers, all held together by high strength steel bolts. The rotor is mounted on two spring
loaded deep groove bearings [14] and its purpose is to carry the test section on one end.
The other end is used as space for a dead weight for balancing purposes. Also mounted on
the rotor is on board instrumentation which will be described shortly as well as two heat
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Figure 3-1: MIT Internal Cooling Facility
exchangers.
The shaft with the rotor are driven by a 7.5 horsepower, 0-3600 RPM variable
speed motor, controlled manually by the operator. Due to shaft design limitations a
reduction pulley is necessary to reduce the maximum shaft speed. The maximum speed
range in which the rig can be operated safely is 27-30 revolutions per second ( rps ). The
rig is balanced to operate both at these high speeds as well as lower speeds, such as 14 rps.
Typically resonance occurs anywhere from 17-22 rps, depending on how the rig is
balanced.
The shaft speed is measured by an optical encoder, model BEI L25G-500-ABZ-
7404-ED15-5 [2] mounted in the rear of the shaft. The speed is determined by counting the
number of pulses emitted during a certain time frame. The optical encoder information is
fed into a computer program which prints the speed. Also data acquisition is triggered by
the index pulses of the encoder.
The rotating arm carries two pairs of heat exchangers. They receive flow from the
seals through the gun bored shaft and in turn pass flow out through the seals after the test
section is cooled. Their use is deemed necessary because as the coolant receives heat from
the model, the bulk temperatures can be very high and cause damage to the seals. The heat
exchangers remove this heat and allow relatively cool fluid to enter or leave the seals.
Because these heat exchangers typically have large pressure losses and it is important to
know the true flow conditions at the inlet of the test section ( so the true pressure is needed
) the pressure drop characteristics of these heat exchangers and the whole system were
determined and they are given in Appendix B, during the discussion of evaluation of the
dimensionless parameters.
The whole rotor rotates in vacuum throughout the runs. The vacuum is provided by
a Stokes 149H-11 Microvac vacuum pump. Typical vacuum pressures in the chamber
measured with a thermistor gage during shakedown were in the 4 Torr range. The other
components mounted on the rotor, that is the instrumentation and the test section will be
discussed next.
3.3 The Test Section
The rotor also carries the test section and associated test section base and cover as
well as the mirrors. A view of the test section end is shown in figure 3-2 and some details
about it follow. As the figure shows, the test passage is sandwiched between a
Top Cover
Exit passage
( For Outward
Flow )
Instrumentation port
to inlet
Rotating Arm End
Figure 3-2: Test Section Detail
base plate and a top cover attached to the rotor end with high strength bolts. The base plate
also holds the mirrors and the flow exit passage for outward flow ( or inlet for inward flow
). The rotor plate onto which the base plate mates has a plenum at the inlet and the exit.
Flow travels through the inlet heat exchanger, up through piping to the plenum and the test
section, then through the exit passage and to the outlet heat exchangers. The base plate has
holes drilled at an angle that lead directly to the inlet of the model. This instrumentation port
is currently used for a thermocouple probe that measures the inlet bulk temperature. The
exit passage is made out of a sizable piece of G10 grade fiberglass because the top cover
and bottom plate are at a potential difference in order to heat the model, so a metal passage
cannot be used between these two surfaces.
To IR detect
Porous screens are placed at the inlet to the test section ( i.e. the bottom when flow
is outward and the top when flow is inward) in space provided in the base plate and the top
cover. They are manufactured by Memtek and provide a measured pressure drop of about 2
psi depending on the flow conditions, which is considered sufficient here in an attempt to
produce a uniform flow considering the fact that the estimated pressure drop through the
test section is very small ( less than 0.6 psi ). A schematic of the screens and plenums is
shown in figure 3-3 ( The base plate and top cover are shown at 70% of their actual size so
they fit on the page).
The test section dimensions were specified in Chapter 2. It is made out of Nichrome
80/20 which has a nearly constant thermal conductivity ( 20 W/mK ) and its resistance (=
0.0064 Ohms ) is also nearly constant with temperature. The inside ends of the test passage
allow for a smooth transition from a circular flange to a rectangular shape. The test section
is painted before testing with high temperature black paint to promote uniform surface
emissivity and once painted it is allowed to outgas by heating it for several hours. Once the
paint has outgased, the calibration described previously can be performed.
3.4 Cooling Flow System
Coolant is allowed to enter the test section by means of refrigeration piping and a
compressor which circulates the fluid. A schematic of the flow circulation system is shown
in figure 3-4. The coolant used is Refrigerant-12, because of its thermophysical properties
and high molecular mass which allows to obtain the desired similarity conditions, for
example Rotation numbers, at substantially reduced speeds.
The freon is fed from a supply tank to a Blackmer refrigeration compressor, model
HD362A-TU. The whole system is operating in a closed loop in order to avoid freon
escaping to the atmosphere. The compressor circulates the coolant through two water
cooled shell and tube heat exchangers and then the pressurized fluid is fed to a large
pressure vessel, where the freon can either be stored or taken to the test section. The
system is oil-free and must be kept as such otherwise the wall to coolant heat transfer in the
test section might be altered.
Piping takes the freon from the pressure vessel to the seals and then by means of
holes in the gun bored shaft, the coolant travels up through the rotor heat exchangers, into
the test section and back into the outlet heat exchangers and the seals. The hot freon is then
passed through a liquid trap back at the inlet of the compressor in order to protect the latter
in case of liquefied fluid. The above cycle is then repeated. When not running, the freon is
collected in the storage pressure vessel and is maintained there by means of a bypass valve
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which isolates the tank from the rest of the system. In addition, removable unions at the
seals allow for changing the flow direction in the test section relatively quickly by
switching the inlet ( outlet) pipes.
The graphite face seals allow operation and flow circulation both at high speeds and
pressures. They are oil cooled and care must be taken not to exceed their temperature or
pressure limitations. As it was mentioned previously, the heat exchangers cool the fluid
before it enters the seals down to acceptable temperature levels, however, after continuous
operation the seals are allowed to cool down for an extended time before running again.
The mass flow through the system is measured before the inlet heat exchanger, at
the inlet to the main system using an F & P Extruded Body Flowrator Meter that provides
visual indication of flow rate on a linear scale. A steel float determines the capacity of the
meter. The meter has taps for measuring pressure and temperature. The mass flow is
controlled by manually adjusted valves at the inlet and a valve at the outlet used for
throttling.
The pressure is measured at the outlet of the test section using an Omega 6" dial
Test Gage, 0-100 psi range. The gage can be connected by means of taps anywhere in the
stationary system to yield a pressure measurement. The pressure at the compressor and
pressure vessel are measured by commercial refrigeration gages, as these readings are only
used for monitoring.
3.5 Current Supply System
The test section is heated by passing current through it provided by two sources,
either an Airco Welding power supply or a smaller Hewlett Packard DC power supply. The
current is fed to the test section by means of copper strips, insulated from the rest of the
rig, which lead to a power slip ring in the rear of the shaft ( See also figure 3-1 ). The
current is then passed by means of carbon brushes to similar copper strips on the rotating
arm which are connected to the test section's top cover. The return path of the current is
through the test section, which heats up, and back out through the carbon brushes.
Typical current settings used in the experiment are in the 20-160 Amp range. The
smaller current settings are used for calibration as there is no flow through the test section
and high current can easily buckle an uncooled test section. The current is measured using a
calibrated shunt with a 4 Amp/mV rating and measuring the millivolt output on a Fluke
digital multimeter.
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3.6 Instrumentation
a) Thermocouple Temperature Measurements
Although the surface temperatures are measured by means of the infrared detector,
bulk temperatures are measured using Omega type K thermocouple wire. Because the
signals have to be brought out to the stationary frame through ordinary copper wires via
slip rings, it is possible to introduce cold junction errors, particularly if the thermocouple-
copper junctions are on the hot shaft. To eliminate this problem, on board junction
compensation was employed by using Omega Miniature Temperature Transmitters with
thermocouple input, model TX-91 K. Essentially these devices are current drivers, which
can be fed a thermocouple signal and produce a current proportional to the temperature
measured. The usable range of the transmitters used here is in the 0 to 750 F., spanning
more than adequately the range of the bulk temperatures encountered in this experiment.
The benefits of these devices are many. They are relatively small and inexpensive.
Their output is current as opposed to voltage, so they are not subject to slip ring noise. In
addition, they proved to be quite stable even in the high g field encountered here. Before
using them, a sample was tested in a lathe and was spun up to 3000 RPM for an hour or
so. It was calibrated before and after the test and no changes in the readings were noted.
The transmitters were mounted in an aluminum protective instrumentation box on
one side of the rotor. The box was mounted low on the rotor, close to the shaft ( see figure
3-1 ) and the orientation of the transmitters was such so that high gs on their internal
potentiometers are minimized . A total of four of these transmitters were installed on the
rotor due to space constraints. This on board box also has room for other instrumentation,
including wires, etc.
The signals from the transmitters are brought out through the gun bored shaft by
twisted pair fine wire. A total of sixteen tiny wires are brought out through the shaft hole.
The slip ring is a multichannel unit ( 20 operational channels ) and it has relatively low
noise ( it was tested and the noise was in the 5mV range, typical lab noise ). It is a fairly
robust unit, mounted on pillow block bearings and connected to the shaft that drives it by
means of a flexible rubber shaft coupling.
Once the signals are brought out of the rotating frame, a circuit designed in house is
used to measure the temperature. This is done by feeding the transmitter current output to
very stable Micro Instruments MLine type 500 Ohms resistors. The voltage across these
resistors is then measured and fed into an Omega DP462 Multi Channel input meter which
is scaled to display temperature directly by means of a calibration procedure described
below.
The transmitters are calibrated by a hot and cold cooking oil bath and a multimeter.
High precision bulb thermometers by Kessler instruments are used to record the
temperature of the baths. One bath is held at room temperature, the other at a higher
temperature of about 400 F. A temperature reading by the transmitter in these baths is
taken, then the span and zero of the transmitters' potentiometers are adjusted until their
measured temperature agrees with what the temperature should be based on the scaling
factor and zero. The procedure is repeated until the measured temperature converges for all
the transmitters. The repeatability of the temperatures in the baths with these transmitters
was of the order of 1-3 F during the calibration.
The thermocouples connected to the transmitters were placed at the inlet and the
outlet of the test section. As shown in figure 3-2, the inlet thermocouples were located in
the base plate through a port, while the outlet thermocouples were on the top
instrumentation plug. Their role is reversed when the flow is inward ( and inlet should read
outlet ). There were two thermocouples at the inlet and two at the outlet for redundancy.
The thermocouples in the special boron nitride plug described during the calibration
procedure in the previous chapter were also of type K and the same procedure applied to
them. Because these thermocouples were used only during calibration, they were in a
separate harness and their own plug and it was fairly easy to change the plugs as they are
very modular.
Other measurements taken by thermocouples include the flow temperature at the
flow meter as well as other readings for control purposes, such as monitoring the
compressor temperature for overheating. All thermocouple readings are manually recorded.
b) Infrared Temperature Measurements
Surface temperature measurements are obtained by the combination of an infrared
detector and an imaging system. The infrared detector is an Electro-Optical Systems
HgCdTe ( MCT Series ) infrared detector. It is contained along with an internal high/low
gain preamplifier in a dewar which is pumped with liquid nitrogen. More details about the
detector specifications can be found in [2].
The detector is mounted on a horizontal stage which is driven by a SLOSYN HS25
stepper motor and a Warner electric linear actuator. The horizontal stage is itself mounted
on a vertical stage, also driven by a SLOSYN M091-FC09 motor. Each motor is connected
to an indexer which in turn communicates with a computer via an RS232 serial port. Linear
potentiometers attached to the two stages give their position with respect to some reference
and allow them to be positioned to a desired location. The two degrees of freedom available
to the stages are up-down and forward-backward, which allow for radial positioning of the
IR detector and focusing respectively. More details on the motors and indexers can be
found in [2].
Also on these stages, in front of the IR detector, sits the imaging system, consisting
of a primary and a secondary mirror, which together with the flat mirrors behind the model
( see figure 3-2 ) focuses the radiation from the surface of the model to the radiometer.
The flat mirrors are located at a 45 degree angle behind the model in order to allow
the back, leading and trailing sides to be viewed by the IR detector. They are manufactured
by Newport Optics and have a reflectance of greater than 97 % in the IR range. They are
cut to fit in special holders made from Invar which was chosen because of its very low
thermal expansion, which is also compatible with that of glass. The mirrors are glued onto
these mounts using high temperature epoxy, and these holders also have rib stiffeners on
the back side to protect them against buckling.
The primary mirror collects a cone of radiation from each element on the test section
and then directs that energy onto the secondary mirror, which in turn focuses the energy
onto the IR detector ( Figure 3-5 ). Setting the location of the secondary mirror with respect
to the primary sets the magnification of the system and currently it is set so that the test
section element size is approximately the same size as the detector's element, which is
1mm 2 . This provides impressive resolution capabilities with which a very detailed mapping
of the test section surface is possible. More details about the imaging system can also be
found in [2].
3.7 Experimental Procedure
The experimental procedure for collecting data from the test section is composed of
a focusing procedure, a calibration procedure and the actual test run. Each one of them will
be described below. The data reduction procedure is described in Appendix C.
The focusing procedure aims at determining the focal position of each of the test
section's four sides. Each side has a different focal point. By design the theoretical values
are known. The focusing run serves as a check for these distances.
During focusing, the test section is heated and has already been prepared for
calibration as described in Appendix A, but there is no flow through the system. The arm is
rotated at about 6 rps during this run. The IR-imaging system is constrained from moving
vertically by fixing the vertical stage.
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Figure 3-5: Imaging System Detail, from [12]
It is then indexed forward using the horizontal stage and data is sampled at a 0.02 inch
spacing, based on the shaft frequency. The imaging system is in focus when the number of
points collected per side agrees with the model width and magnification. The signal can be
seen to be strongest and relatively square when the system is in focus. When these focal
positions are analyzed and compared to the theoretical ones the focal length for each side at
which a test will be run is obtained. These focal positions are inputted to the computer
subroutine that controls the scanning process. The present imaging system has a relatively
large depth of field as quite often data collected at different positions looked identical to the
human eye.
It is important before focusing and testing in general that the optical system is clean
and free of any dirt, particularly carbon dust from the brushes, which can coat the mirrors
as the arm rotates and cause severe signal degradation. The system here is cleaned quite
often to avoid this happening.
The calibration procedure is the next step before a real test run and it is necessary to
perform a calibration in order to factor out emissivity and geometry variations. The reader
is referred to Appendix A for the details of calibration.
Once the calibration run is complete the real test run may begin. The infrared
detector must be cooled with liquid nitrogen because it references all measured voltages
with respect to this temperature. The stage motors, the onboard temperature transmitters
and the potentiometers are turned on and checked for proper operation. The detector
preamplifier is not turned on until the detector is absolutely cool.
A computer terminal ( Dell 450 DE2/DGX ) controls the data acquisition process.
Data acquisition is possible by computer subroutines written in house and two ADTEK data
acquisition boards which are used for high and low speed data collection. All the stepper
motors, speed and infrared data collecting are controlled by the terminal.
As the detector is cooling, the vacuum chamber is evacuated by turning on the
vacuum pump. At the same time the desired test matrix and run conditions can be
determined.
With the test matrix known, the compressor is turned on and flow begins to
circulate from the storage tank to the compressor and back. The outlet valve of the system
is then opened, followed by the inlet valve. Freon begins to circulate through the system
and the bypass valve is adjusted until sufficient flow goes to the model as well as the
compressor. The mass flow is adjusted by the outlet valve and the pressure can also be set
to a desired value by adjusting both the inlet and outlet valves. The system at this time is
also checked for any possible leaks.
Once coolant flow is established the current supply is turned on and the model is
beginning to heat up as indicated by the bulk temperatures. It takes a long time for the heat
exchangers to warm up and cool down so it takes a long time to reach steady state.
Next the arm is rotated, initially at a low speed ( 2-3 rps ), verifying that everything
is functioning properly and then it is brought up to a desired speed. At this point, one waits
for steady state, until the bulk temperatures stabilize and the heat exchangers warm up. It
can take up to forty minutes to reach steady state initially, but much less when testing from
one flow setting to the next.
Once steady state is reached at the desired speed and all flow controls are at the right
settings, data acquisition begins by running a computer data collection subroutine. All four
sides of the test section are scanned and 256 points are collected for every radial pass at a
rate that maintains a 0.02 in spacing between data points, based on the shaft frequency as
measured by the optical encoder. The radial scan starts at the very base of the test section
and data are collected for sixteen radial passes at 0.25 inches apart ( for a total of 4 inches
which is the test section length ). An ensemble of ten revolutions of data is averaged for
every radial scan.
Data collection begins with the front side, then the trailing, leading and back sides.
The program automatically locates the position of focus of each side and moves the
horizontal stage to that location, but for the trailing and back sides the program notifies the
user when to index a linear actuator for these sides. The rest of data collection is again
automatic.
During the test, manually recorded parameters include the mass flow, inlet, outlet
and flow meter bulk temperatures, gage pressure, current setting and speed. The test is
considered steady if the temperatures vary less than 5 F over the test run as the mass flow
and pressure typically do not vary significantly over the test run.
It takes about fifteen to twenty minutes to collect data for one test. Once a run is
complete the data is quickly checked and then written to files on disk for further data
reduction. The next flow setting is then chosen, steady state has to be reached again
although this time more quickly, and the above procedure is repeated.
Typically the tests proceed by first fixing the flow rate and pressure so the
Reynolds number is determined. The current is then chosen in order to obtain a desired
density parameter. This leaves the rotation rate as the controllable variable so different
rotation numbers can be obtained. This systematic variation was found to be less stressful
on the rig, as opposed to, for example, running one very high speed continuously and
varying the current at that speed to obtain different density parameters in the test matrix.
More information regarding setting the flow parameters can also be found under
Limitations in Appendix B, section 1.
With the tests complete the rig is then slowly brought down to a low speed, then the
arm is stopped. The current is also reduced slowly and then switched off, while the cooling
flow is left on for a while so that it can still convectively cool the model. The vacuum
chamber is then opened and the arm is inspected. Once the test section is cooled, the flow
system is shut off, along with power to the instrumentation and the optical system is
cleaned and the rig checked and prepared for the next series of runs.
Chapter 4
Results and Discussion
In this section the experimental results are presented and discussed. Before the
discussion, a few important points are made in order to aid the reader's understanding of
these results.
The data shown here are the results of tests for both inward and outward flow in the
smooth, rectangular passage described previously. The heat transfer data is presented in
terms of the raw Nusselt numbers for each of the four surfaces of the model, i.e. the
trailing, leading, front and back. The parametric study here uses the scaling parameters
described in Chapter 2, that is the Reynolds number, Rotation number and Density Ratio
and where appropriate reference is made to the Buoyancy parameter. Although the data for
all the sides are presented, the focus is on the trailing and leading surfaces as they show the
more complex trends with rotation.
In an effort to make a parametric study with the various parameters, a Density Ratio
of =0.20, a rotation number of Ro=0.20 and a Reynolds number of 25,000 were chosen as
the important base point in parameter space. One reason for this choice was the fact that so
far most studies focus on aircraft engine cooling configurations. These parameters as
chosen here, with the exception perhaps of the Reynolds number, also cover typical
parameters found in ground based power turbines ( see again table 2.2, Chapter 2 ) so that
the design engineer of these turbines can also benefit from such rotational studies.
In order to preserve the spatial resolution of the IR measurements both in the radial
and circumferential direction, the local Nusselt numbers ( or temperatures ) are presented
in contour plots which represent these surface distributions. These can be found in the latter
part of this section. The plots show a duct which corresponds to the real height of the
model, that is 100 mm. The width for all the plots is taken to be that of the front side which
is =16 mm. All the sides are shown at this width including the trailing and leading,
otherwise the local variations might be hard to see. The reader is reminded that the front
side is the side which views the IR camera directly. The back is the side opposite the front.
Although informative, these plots can also be overwhelming, so to aid the reader in
understanding trends, where appropriate data is averaged in the circumferential direction to
produce a single curve for each face, as a function of the dimensionless distance
downstream x/Dh, where Dh is the hydraulic diameter. Although it is also typical to
normalize data by the stationary Nusselt number correlation of Colburn for turbulent, fully
developed flow in a stationary tube this is not done for the majority of the data here,
although throughout the discussion reference is made to the corresponding stationary Nu
values, referred to as Nu.
The identification numbers for the tests can be found in Appendix D for
convenience and each plot is labeled with these numbers. Along with the test number, the
Reynolds number, Density ratio, Buoyancy parameter and stationary pipe Nusselt number
Nuo given by the Colburn equation are shown. Estimates of the uncertainties and
experimental errors involved are given in Appendix E.
4.1 Internal Flow Discussion
Before the results are presented, a few points must be made regarding the flow field
in the duct. Particular attention must be paid to two points regarding the flow in these
rotating heated ducts. One is the Coriolis-Buoyancy-Flow Direction interaction and the
other is the thermal boundary condition.
Figure 4.1 was prepared for the first point. The rectangular duct tested here is
shown rotating about the centerline. The passages are at some distance from the centerline,
called Rhub, and the leading and trailing sides are indicated. Note that in the case of
outward flow the Coriolis force pushes fluid toward the trailing side. Thus one would
expect to see this side being cooled more than the leading side. In the case of inward flow
the reverse is true. One would therefore expect the leading side to be cooled more as the
Coriolis force now pushes fluid by means of the secondary flows away from the trailing
and toward the leading side. This is because the Coriolis force depends on the cross
product ( and therefore not only magnitude but direction as well ) of the flow and rotation
vectors. No speculation on the effects on heat transfer will be made at this point as they will
become apparent in the discussion, but the reader is urged to keep this picture in mind.
The above Coriolis driven mechanism, however, is not acting independently.
Superimposed on this picture is the effect of the buoyancy force. The buoyancy force on
the heated fluid near the surface is always inward for these passages, so is opposite the
flow for outward flow, where as in the case of inward flow it is in the same direction, as
shown in the figure.
Inertia effect
Figure 4-1: Schematic of Inertia, Buoyancy and Coriolis Forces in Inward and Outward
Flow Ducts
This establishes the potential for coflowing or counterflowing situations ( similar to
the buoyancy effects on a stationary vertical plate with gravity acting downward and hot or
cold walls) due to which heat transfer can be impeded or enhanced. This picture must also
be kept in mind during the discussion, together with the Coriolis effect as the two are
coupled. Each surface is influenced in a different manner by these effects.
The final point here regarding the thermal boundary condition refers to whether the
experiment was performed with constant heat flux or constant wall temperature. It is
possible that the two cases can produce quite different flow fields and therefore care must
be taken when comparing data from each case.
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4.2 Varying Rotation Number
a) Outward Flow
The results for varying Rotation number for the main test case of a Density ratio of
- 0.20 and a Reynolds number of = 25,000 with outward flow are presented first. The
exact values of the density ratios are in Appendix D for each test case in order to avoid
labeling each test over and over again. Figures 4-2 a) and b) present the surface local
Nusselt numbers for the leading face, figures 4-3 a) and b) for the trailing face, figures 4-5
a) and b) for the front face and figures 4-6 a) and b) for the back face of the rectangular
duct. In addition, for ease of interpretation of the magnitudes of Nusselt numbers, figures
4-7 and 4-8 were prepared which are the circumferentially averaged Nusselt number values
for varying rotation numbers for the trailing and leading sides respectively as a function of
the normalized distance downstream, x/Dh.
On the trailing side ( Figure 4-3 a), b) and 4-7 ) it is quite clear that overall Nu
numbers increase with increasing rotation number. Even at the lower rotation number of
0.06 effects of rotation are present. The stationary value of Nusselt number is 68.9 and the
mean Nusselt number in the rotating duct has already increased to almost 1.4 the stationary
value. As the rotation number increases from 0.06 to 0.2 Nu numbers continue to increase
throughout the duct and when the rotation number is increased further to 0.31 it appears
that the Coriolis forces act early on in the duct. At a rotation number of 0.31, at an x/Dh of
4, from figure 4-7, the Nusselt number has already increased to about three times the value
of Nu at the low rotation number. As the rotation number increases even further to 0.50,
the Coriolis forces act almost immediately after the flow enters the passage and there is
almost a ten fold increase in Nusselt number from the low rotation case. At an x/Dh of 7 the
Nusselt number decreases but still remains high and decreases further near the exit of the
passage.
Inspection of the local Nusselt number map in figures 4-3 a) and b) clearly show a
region of intense cooling, first forming near the exit of the duct at a rotation number of
0.20, which subsequently extends toward the middle and occupies a larger region in the
duct and eventually at a Ro=0.50, an intensely cooled region has formed near the first half
of the passage. It is possible that the subsequent decrease at this high rotation number
toward the exit is due to the interaction of the well developed Coriolis forces with the
buoyancy.
It must be noted at this point and for subsequent plots that the reason for such high
Nusselt numbers in the plots at the very high Ro number of 0.5 is that the difference
between the wall temperature and bulk temperature on which the Nusselt number depends
becomes extremely small and so heat transfer rates tend to blow up. In fact the local bulk
temperature used in the calculation of the Nusselt number, being an average across the
flow, does not represent the real temperature just outside the wall layer, particularly in the
case of constant heat flux when there is a significant temperature gradient from the leading
to the trailing edge. In this case it is also instructive to look at the raw wall temperatures
which as figure 4-4 shows for the two high rotation numbers are perfectly well behaved
and also confirm the existence of a significantly cooled region in the two cases.
On the leading face ( figures 4-2 a), b) and 4-8 ) the situation is more complex and
the variation of Nusselt number with rotation is not as obvious. From figure 4-8, at an
x/Dh below 8 heat transfer does not vary consistently and there are inlet effects present. In
this region we note that Nu numbers at a Ro=0.06 are higher than at a Ro=0.31 and they
are reduced to Nu levels present in stationary pipes, as the value Nuo is about 67.0 for
these tests. At the higher Ro number of 0.5, however, the heat transfer is actually enhanced
in this region. After an a x/Dh of 8 some trends become more apparent and in general the
heat transfer levels begin to increase and very near the exit of the duct ( x/Dh = 11 ) there is
a consistent increase of Nu with rotation. The Nu numbers on the leading side are in
general lower than on the trailing side over the whole duct, although at the highest rotation
number Ro-0.50 and near the exit, trailing side Nu numbers can be approached. Figures 4-
2 a) and b) show the local Nu variations for the leading side and confirm the non uniform
pattern of heat transfer extending well after the middle of the duct, particularly at a
Ro-0.20. The consistent late increase in Nu farther up in the duct is also evident.
Figure 4-9 shows the ratio of the trailing over the leading side Nu variation for four
rotation numbers and confirms that trailing side Nusselt numbers can be 3.5 times greater
than the leading side at the higher rotation number of 0.31. One apparent trend from this
figure is that the difference between the trailing and leading sides increases along the
channel and then decreases toward the exit of the duct for Ro numbers of 0.06 to 0.20. At
the higher Ro=0.31 this trend also holds although in the inlet the trailing side Nu
enhancement is much clearer. This is interesting particularly if one also considers the
Buoyancy numbers for each of these tests which are 0.045, 0.143, 0.462 and 1.207 for
each of the respective Ro numbers shown. Then if the above observation is reformulated in
terms of Buoyancy numbers ( Bo ), at the lower Bo numbers of 0.045, 0.143 and 0.462
the heat transfer on the trailing side with respect to the leading is enhanced mainly due to
the Coriolis secondary flows. At a Bo number of 1.207 ( Ro-0.31 ) the trailing surface Nu
number is still enhanced but the decrease of its magnitude with respect to the leading
surface downstream is much more dramatic. This implies then that in this regime Coriolis
and Buoyancy forces affect the heat transfer on these surfaces. These trends also show the
danger of extrapolating from lower rotation or buoyancy numbers to higher regimes, as
certain trends may be reversed, which is important in obtaining correct correlations for
design.
The local heat transfer variation for the front and back sides for outward flow is
shown in figures 4-5 a), b) and 4-6 a), b) respectively. In general on the front face the Nu
numbers increase with respect to stationary Nu values. From figure 4-5 a) and b) the
temperature gradient on the front face as a result of the cooler trailing side can be seen by
the gradual decrease in Nusselt numbers from the trailing toward the leading, first
developing at a Ro--0.20, then at Ro=0.31 and by the time Ro--0.50, the cooler region on
the trailing side and hotter region on the leading side are quite distinct. On the back face the
situation is similar with overall increases in Nu with rotation, however, it is interesting to
note for Ro=0.50 how far the cooler region has penetrated on the back side. As the base
test case shows then on these surfaces the Nu increases with rotation and these sides
provide for the "matching" of the leading and trailing sides. The focus from now on then
will be on the leading and trailing surfaces as the heat transfer phenomena on these sides
are more complex and a lot more interesting.
b) Inward Flow
The results for inward flow in the same rectangular duct are presented and
discussed in this section.
The results for varying rotation number for the main test case of a Density ratio of -
0.20 and a Reynolds number of = 25,000 ( The exact values of the density ratios are in
Appendix D for each test case ) with inward flow are presented first. Figures 4-10 a) and b)
present the surface local Nusselt numbers for the leading face, figures 4-11 a) and b) for
the trailing face, figures 4-12 a) and b) for the front face and figures 4-13 a) and b) for the
back face of the rectangular duct. In addition, for ease of interpretation of the magnitudes of
the Nusselt numbers, figures 4-14 and 4-15 were prepared which are the circumferentially
averaged Nusselt number values for varying rotation numbers for the trailing and leading
sides respectively as a function of the distance downstream, x/Dh.
We begin for simplicity with figures 4-14, 4-15 and 4-16 which shows the ratio of
the leading to trailing Nu variation with four increasing Ro numbers. The effects of inward
flow are remarkable and distinctly different than the case of outward flow. Figures 4-14
and 4-15 show that overall Nu numbers increase from the stationary value of Nu. = 67.0.
Both the leading and trailing sides show a typical heat transfer variation in a duct where the
Nusselt numbers are high near the inlet due to the thin thermal layers and decrease with
distance downstream. This behavior was not so clear in the case of outward flow. From
these figures we note that now the overall leading side Nusselt numbers are higher than
those on the trailing side, that is the Coriolis behavior is reversed. This is explained by the
fact that now the secondary cross stream vortices are impinging on the leading side and
figure 4-1 described this expected change. However, at the very high rotation numbers of
Ro-0.30 and Ro=0.49, the reverse is true, that is the trailing side Nu are higher than on the
leading. This behavior is very different than for the case of outward flow.
Focusing on the trailing side first, figure 4-14 shows that the Nu increases with
rotation compared to the non rotating case which has a value of Nu*o=67.0. However this
enhancement at the lower Ro numbers of 0.10 and 0.20 is very modest, particularly
downstream of the duct. At the higher rotation numbers the enhancement is greater. The
peaks on the graph correspond to local regions downstream in which the cooling is intense
as the heat transfer maps will show.
On the leading side, from figure 4-15, which is the side on which the Coriolis
streams impinge there is also an increase in Nu compared to the stationary case, which
diminishes with distance downstream, particularly toward the exit of the duct.
Figure 4-16 combines the above picture and provides additional information. It
shows the ratio of heat transfer on the leading side with respect to the trailing. Up to a
rotation number of 0.2, heat transfer on the leading side is greater than on the trailing side
due to the reversal of the Coriolis effect, however, one important observation is that the
difference is not nearly what was observed for the outward flow, neither does this
difference increase along the channel. Moreover the trend is that the leading/trailing ratio
decreases with rotation. In the outward flow case the side impinged by the Coriolis streams
( trailing ) exhibited almost 3.5 times the Nu than the other side. Here the Nu increase on
the Coriolis impinged side ( leading ) is only modest. At even higher rotation numbers,
such as Ro=0.30 the trend as discussed previously reverses and heat transfer on the leading
side is impaired significantly compared to the trailing side, until it improves again later in
the channel. This is very different behavior than in the outward flow case and interestingly
enough implies a " negative " Coriolis effect on the leading side!
One strong possibility for this behavior is the effect of buoyancy and its competing
effect with the Coriolis force. The reason is because the rotation number signifies the effect
of the Coriolis force and similar rotation numbers for both inward and outward flow should
give similar Coriolis trends, with only the side being impinged upon reversed for the two
flow situations. If these trends due to rotation are similar then it is possible that the totally
different behavior for inward flow is due to buoyancy, which is of course related to the
flow direction. It is possible for example that improvements by the Coriolis force at the
higher rotation numbers ( and higher Buoyancy numbers ) are hindered or enhanced by
buoyancy, depending on the side so the net effect is what is observed. At this point the
exact mechanism is not clear, neither is the magnitude of buoyancy and further
experimentation and simulation has be used to substantiate this argument.
Figures 4-10 a) and b) show the local Nu numbers for the leading surface and 4-11
a) and b) for the trailing for 5 Ro numbers. The above observations are reconfirmed and at
the lower rotation numbers the leading side is cooled more but at the higher rotations the
trend reverses. The cooled regions near the exit of the duct are quite clear and seem to
occupy almost the whole duct width. Eventually then the Nu numbers decrease again.
Figures 4-12 a) b) and 4-13 a) b) show the local Nu distribution for the front and
back sides. These sides also show increases in Nu compared to the stationary case. The Nu
is higher near the inlet and decreases downstream toward the exit as for the leading and
trailing sides. On the front face at each radial location the distribution is fairly uniform in
the circumferential direction. On the back face this is true for the lower rotation numbers of
0.10 and 0.20 while at Ro=0.49 one can note the higher Nu on the side of the leading face
and lower on the side of the trailing face, due to the reversal of the Coriolis secondary
flows. Similar to the case of outward flow the behavior of Nu on these sides is not as
complicated as on the trailing or leading.
In the next section the effects of varying density ratio are presented. From the above
discussion on inward flow it became apparent that in the inward configuration there are
trends which are hard to explain based on the Coriolis phenomena alone and Buoyancy
must also be considered, particularly its interaction with both the Coriolis and inertia
forces.
4.3 Varying Density Ratio
a) Outward Flow
The results for varying Density Ratio for the main test case of a Reynolds number
of = 25,000 with outward flow are presented first. The Rotation number is fixed for each
case. The results for three rotation numbers are presented, the main test case of Ro=0.20,
one lower number at Ro=0.06 and one higher at Ro=0.30. By varying the density ratio and
fixing the rotation number the effects of Buoyancy can be studied. The results are presented
for the leading and trailing sides as they show the greatest variation with rotation. The
reader is also reminded to pay attention to the values of the Buoyancy parameters for each
test as shown in Appendix D, although mostly the density parameter will be used here. For
simplicity the averaged values will be used to make general comments and then the more
complicated surface maps will be examined.
Figures 4-17, 4-18 and 4-19 present the local Nu distributions for the leading side
for a Ro=0.06, Ro-0.20 and Ro=0.30 respectively. Figures 4-20, 4-21 and 4-22 present
the local Nu distributions for the trailing side for a Ro=0.06, Ro=0.20 and Ro=0.30
respectively. In addition, figures 4-23 through 4-25 were prepared which are the
circumferentially averaged Nusselt number values for varying density ratios for the leading
side as a function of distance downstream, x/Dh for 3 Ro numbers. Figures 4-26 through
4-28 refer to the trailing side.
We can begin for clarity with figures 4-23 through 4-25. On the leading side, the
general observation is that increasing the density ratio tends to impede the Nu near the inlet
and middle of the duct but tends to increase the Nu farther downstream. Examining each
figure more closely, at the lower Ro=0.06, which signifies weak Coriolis forces, below
x/Dh=5 it appears that Nu increases as a function of distance downstream, but lower Nu
numbers are found for the higher density ratios. Inlet effects are probably also found in this
region. After an x/Dh=6 the Nu numbers decrease slightly with distance downstream but
then rebound toward the outlet. Thus increasing the density ratio and therefore buoyancy
tends to impede heat transfer over most of :he duct but there is a rebound after an x/Dh
=10. This pattern is repeated in figure 4-24 which is at a higher Ro number of 0.20. Again
note that the curves move downward as the density ratio increases but there is a minimum
for each curve and excluding the near inlet region the Nu decrease and then increase farther
downstream. At the even higher rotation number of 0.30 these trends are repeated with the
exception now that at the medium density ratio of 0.204 the Nu curve is actually higher
than at the density ratio of 0.258. However, overall an increase in density ratio tends to
decrease the Nu numbers.
One interesting issue to examine here is the relative strength of the Coriolis force
compared to Buoyancy. From this comparison it seems that on the leading face,
downstream where the Coriolis forces are well developed there must be significant
interaction with Buoyancy. Recall from figure 4-8 that for the leading side farther
downstream it was noted that the Nu increase with an increase in Ro number. Here we note
also that farther downstream buoyancy enhances heat transfer. So it seems reasonable to
conclude that downstream on the leading surface for outward flow there is significant
Coriolis-Buoyancy interaction which tends to enhance the overall Nu and both effects are
important. Near the inlet the relative magnitudes of the two effects are not clear, keeping in
mind from the discussion on variation of rotation number and again figure 4-8 that Nu
numbers can actually decrease due to rotation on the leading side.
Figures 4-26 through 4-28 show the averaged Nu numbers for the trailing side. The
Nusselt number rises sharply at the lower density ratio of = 0.10 and decreases
significantly at the higher density ratios. The reason is because the Nu blows up as the wall
and bulk temperatures become nearly equal in this case, as the local temperature and Nu
surface plots will also show. Note that the overall effect of buoyancy is to decrease Nu, but
different trends emerge. For the lower density ratio case, Nu always increases and then
decreases downstream but for the higher buoyancy cases, Nu numbers generally increase
with distance downstream, except for the case of Ro=0.06 and density ratio of 0.298
which decrease first then increase. One point to note is that although an increasing density
ratio decreases the Nu, Nu values never fall below the stationary value of Nu. = 67.0.
Also we may note that at the lower rotation numbers the difference in Nu between the
higher density ratio curves is larger and diminishes with increasing Ro number. It is not
clear at this point why there is a sharp increase in heat transfer at the lower densities and
low rotation.
The above observations are based also on the local Nu maps in figures 4-17
through 4-22. The temperature maps of two tests at the low density parameter for the two
high Ro numbers of 0.20 and 0.30 are shown in figure 4-29. The purpose of these figures
is again to show that the wall temperatures are perfectly well behaved. The high Nusselt
numbers in some of the plots are because at high rotations the wall cools so much that the
bulk temperature is approached. From the local Nu maps, figure 4-21 and 4-22 we may
note the intense cooling regions, as well as the decrease in Nu as the density ratio
increases. On figure 4-22 at a density ratio of 0.204 the Nu pattern on the trailing side is
quite interesting and non uniform in the circumferential direction as local hot and cold
regions coexist. This suggests a rather complex flow pattern.
b) Inward Flow
The results for varying Density Ratio for the main test case of a Reynolds number
of = 25,000 with inward flow were also investigated. The rotation number is fixed for each
case as before and the results for three rotation numbers are presented, the main test case of
Ro=0.20, one lower number at Ro=0.06 and one higher at Ro=0.30. By varying the
density ratio and fixing the rotation number the effects of Buoyancy can be studied for this
case also. The results presented are for the leading and trailing sides as they show the
greatest variation with rotation.
Figures 4-30 through 4-35 show the local Nu maps for the case of inward flow and
variation with density ratio. Figures 4-36 through 4-38 are the averaged values of Nu
variation with x/Dh for the leading side and figures 4-39 through 4-41 for the trailing side.
Interestingly enough, from figure 4-30, on the leading side similar to the outward flow case
increasing the density ratio decreases the Nu. At the lower density ratios Nu numbers are
higher for all rotation numbers. But they are consistently lower for all the higher density
ratios. This is interesting because one might expect in the coflowing situation that buoyancy
aids the heat transfer. On this side, however, there is one fundamental difference with
outward flow. With the exception of the lower density curves which increase and then
decrease with distance downstream, all the high density ratio curves consistently decrease
downstream. This is a totally different trend than the leading side for outward flow which
recall shows large increases in Nu downstream. The trailing side from figures 4-39 and 4-
41 shows similar trends, however at a Ro=0.30 there is a significant increase and then
decrease in Nu with distance downstream. Recall that this was noted also in the variation
with rotation, although the trend of decreasing Nu with density ratio also holds for this
case. One interesting point is to observe the outward flow trailing side Nu curve at the low
density and the inward flow leading side at low density, i.e. the sides on which the Coriolis
streams impinge. Interestingly enough they behave similarly, except at the higher densities.
At this point it is also wise to look at the local Nu distributions as local heat transfer rates
can be significantly higher or lower than an average in the circumferential direction.
The local Nu maps confirm these observations. From figures 4-30 to 4-32 for the
leading sides, the intensely cooled regions are quite apparent, although the reader is
reminded that only 8-9 points are collected by the radiometer on these sides, so the graphs
presented are not expected to resolve very fine structures. It also becomes clear that
averaging in the circumferential direction perhaps is reasonable for qualitative trends but
quantitatively there can be extreme variations in the local Nu values. This is particularly true
at the low density ratio. We also note from these maps at a Ro=0.30 the cooled regions for
the cases with density ratios of 0.101 and 0.190.
The exact mechanism for these trends is not clear. In the case of outward flow the
overall reduction in heat transfer with buoyancy can be explained by the fact that the main
flow and buoyancy oppose each other, so the net effect on heat transfer should be for
buoyancy to impede heat transfer, which is what was observed, keeping in mind of course
local variations and which side one refers to. In the case of inward flow one might expect
an enhancement due to buoyancy because of the inertia and buoyancy effects being in the
same direction, but this is not the case here.
One possibility for these trends is the interaction between the Coriolis and
Buoyancy and their net effect on heat transfer. For example it is possible from the above
results for the leading face that the benefits from the Coriolis effect are reduced by
buoyancy and the net effect on Nu depends on the relative strength of each force, which is
unclear at the moment. For example, it is possible that the subsequent increase in Nu noted
on the trailing side can be explained by the fact that buoyancy may impede heat transfer on
the leading side downstream at the higher rotation numbers and the Coriolis cross flows
perhaps carry the nearby relatively colder fluid toward the trailing side, thus improving the
Nu on that side. So no firm conclusion can be drawn at this point other than to say that in
the case of inward flow the noted trends can be attributed to a strong Coriolis-buoyancy
interaction the exact mechanism and net effect on Nu numbers of which is not known.
4.4 Varying Reynolds Number
A limited number of tests is also available for a higher Reynolds number of
=69,000. In the case of outward flow, figures 4-42 through 4-45 show the local variation
of Nu with rotation for the leading, trailing, front and back sides respectively at this higher
Reynolds number. Due to rig limitations, a maximum rotation number of 0.20 was
obtained. The density ratio for this base case was selected to be =0.190. In addition,
figures 4-46 and 4-47 show the averaged variation of Nu with distance downstream for the
leading and trailing sides respectively.
From figures 4-46 and 4-47 the trends at the higher Reynolds number are similar to
those at Re=25,000. On the leading face below x/Dh of 8 the Nu decreased from a
Ro=0.06 to a rotation of Ro=0. 11 and then it increases again, but not significantly farther
downstream. As the rotation number increases even further to 0.20, Nu values in a
stationary duct can be approached ( Nuoo=144.6 for this case ) but they rebound again
with distance downstream. This recovery happens much earlier for the higher Ro number
case and the minimum moves toward the inlet as a result of the strengthening of the
Coriolis secondary flows. These trends were similar to those found at Re=25,000, but they
are much clearer in this case. On the trailing face the Nu consistently increases with rotation
and increases with distance downstream, similarly to the lower Re case. The curves then
tend to decrease near the very exit of the channel. Thus even at this higher Reynolds
number rotational trends are also quite strong.
The local Nu maps, figures 4-42 through 4-45 also show these trends. Also plotted
on figure 4-44 is the front side, which is also affected by rotation and one can note the
effect of rotation as Nu numbers are enhanced everywhere relative to the stationary values.
The region of higher Nu closer to the trailing and lower Nu closer to the leading is also
quite apparent for the case of Ro-0.20. On figure 4-45 similar observations hold for the
back side, with a cooler region clearly shown higher up in the duct and toward the trailing
side. The amount of detail that can be captured by the IR system is also evident in these
plots.
Figures 4-48 and 4-49 are perhaps of more interest as they show the variation of
Nu/Nu with Reynolds number for the base test case of a density ratio of =0.190 and three
rotation numbers which are fixed for each test case. This ratio was selected instead of the
absolute Nusselt values because it is important to see how increasing the Reynolds number
affects the Nu numbers in the rotating case compared to the stationary values. Results for
the leading and trailing side are shown. On the leading face at the lower Reynolds numbers
the difference between the two Reynolds numbers is quite small. However, as the rotation
increases trends begin to develop and the heat transfer ratio is higher for the lower
Reynolds number case. Although there also seem to be inlet effects present, this trend
seems to hold for the whole duct. On the trailing face, figure 4-49 shows that at the lower
rotation of Ro=0.06 the higher Reynolds number gives slightly higher heat transfer ratios,
but at Ro=0.11 near the inlet the lower Reynolds number gives lower heat transfer ratios
but higher ones near the outlet. At a Ro=0.20 the increase in heat transfer at the higher
Reynolds number is clear.
A few tests were also performed for the case of inward flow. Figure 4-50 and 4-51
show for the inward flow case the variation with Reynolds number for two rotation
numbers. High rotation data is not available for this case. On the leading side figure 4-50
shows that by increasing the Reynolds number very small changes are noted although this
tends to increase the Nu ratio. The same holds on the trailing side, although some larger
changes are noted. Note that the comparison here is not that good as the density ratios are
slightly different for each test case. More tests are needed and at higher rotation numbers to
really determine the effects of Reynolds number on the Nu for inward flow, but from these
tests it appears that the Nu are enhanced on the trailing faces for inward and outward flow
as well as enhanced on the leading for inward flow but impeded on this side for outward
flow. In general, variations in Reynolds number have a weaker effect on the Nu/Nuo~ ratio
compared to the rotational effects, at least in the range of rotation numbers studied here, but
more data would help to confirm this observation.
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Figure 4-2 a: Leading Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Outward Flow
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Figure 4-2 b: Leading Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Outward Flow
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Figure 4-3 a: Trailing Face, Nu Variation with Rotation Number
Re-25,000, Ap/p=0.20, Outward Flow
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Figure 4-3 b: Trailing Face, Nu Variation with Rotation Number
Re-25,000, Ap/p=0.20, Outward Flow
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Figure 4-4: Trailing Face, Temperature [K] Variation with Rotation Number
Re-25,000, Ap/p0.20, Outward Flow
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Figure 4-5 a: Front Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Outward Flow
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Figure 4-5 b: Front Face, Nu Variation with Rotation Number
Re-25,000, Ap/p=0.20 , Outward Flow
Tip
400
350
300
250
200
150
100Hub
I 0 0
Tip
Hub
Test b19
Ro=0.06
FH140
120
100
80
60
40
20
Test g95
Ro=O.1 1
180
160
140
120
100
80
60
40
Figure 4-6 a: Back Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Outward Flow
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Figure 4-6 b: Back Face, Nu Variation with Rotation Number
Re=25,000, Ap/p0.20, Outward Flow
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Figure 4-7: Trailing Face, Averaged Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Outward Flow
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Figure 4-8: Leading Face, Averaged Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Outward Flow
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Figure 4-9: Trailing/Leading Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20,Outward Flow
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Figure 4-10 a: Leading Face, Nu Variation with Rotation Number
Re-25,000, Ap/p=0.20, Inward Flow
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Figure 4-10 b: Leading Face, Nu Variation with Rotation Number
Re-25,000, Ap/p=0.20, Inward Flow
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Figure 4-11 a: Trailing Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Inward Flow
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Figure 4-11 b: Trailing Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Inward Flow
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Figure 4-12 a: Front Face, Nu Variation with Rotation Number
Re-25,000, Ap/p=0.20, Inward Flow
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Figure 4-12 b: Front Face, Nu Variation with Rotation Number
Re=25,000, Ap/p0.20, Inward Flow
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Figure 4-13 a: Back Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Inward Flow
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Figure 4-13 b: Back Face, Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Inward Flow
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Figure 4-14: Trailing Face, Averaged Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Inward Flow
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Figure 4-15: Leading Face, Averaged Nu Variation with Rotation Number
Re=25,000, Ap/p=0.20, Inward Flow
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Figure 4-16: Leading/Trailing Face, Averaged Nu Variation with Rotation
Number
Re=25,000, Ap/p=0.20, Inward Flow
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Figure 4-17: Leading Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.06, Outward Flow
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Figure 4-18: Leading Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.20, Outward Flow
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Figure 4-19: Leading Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.30, Outward Flow
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Figure 4-20: Trailing Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.06, Outward Flow
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Figure 4-21: Trailing Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.20, Outward Flow
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Figure 4-22: Trailing Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.30, Outward Flow
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Figure 4-23: Leading Face, Averaged Nu Variation with Density Ratio
Re=25,000, Ro=0.06, Outward Flow
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Figure 4-24: Leading Face, Averaged Nu Variation with
Re=25,000, Ro=0.20, Outward Flow
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Figure 4-25: Leading Face, Averaged Nu Variation with Density Ratio
Re=25,000, Ro=0.30, Outward Flow
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Figure 4-26: Trailing Face, Averaged Nu Variation with
Re=25,000, Ro=0.06, Outward Flow
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Figure 4-27: Trailing Face, Averaged Nu Variation with Density Ratio
Re=25,000, Ro=0.20, Outward Flow
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Figure 4-28: Trailing Face, Averaged Nu Variation with Density Ratio
Re=25,000, Ro=0.30, Outward Flow
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Figure 4-29: Trailing Face, Temperature [K] Variation
at Low Density Parameter, Re-25,000, Outward Flow
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Figure 4-30: Leading Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.06, Inward Flow
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Figure 4-31: Leading Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.20, Inward Flow
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Figure 4-32: Leading Face, Nu Variation with Density Ratio
Re-25,000, Ro=0.30, Inward Flow
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Figure 4-33: Trailing Face, Nu Variation with Density Ratio
Re=25,000, Ro-0.06, Inward Flow
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Figure 4-34: Trailing Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.20, Inward Flow
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Figure 4-35: Trailing Face, Nu Variation with Density Ratio
Re=25,000, Ro=0.30, Inward Flow
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Figure 4-36: Leading Face, Averaged Nu Variation with
Re=25,000, Ro=0.06, Inward Flow
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Figure 4-37: Leading Face, Averaged Nu Variation with
Re=25,000, Ro=0.20,Inward Flow
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Figure 4-38: Leading Face, A
Re=25,000,
veraged Nu Variation with
Ro=0.30, Inward Flow
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Figure 4-39: Trailing Face, A
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Figure 4-40: Trailing Face, Averaged Nu Variation with
Re=25,000, Ro=0.20, Inward Flow
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Figure 4-41: Trailing Face, Averaged Nu Variation with Density Ratio
Re=25,000, Ro=0.30, Inward Flow
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Figure 4-42: Leading Face, Nu Variation with Rotation Number
Re=69,000, Ap/p=0.190, Outward Flow
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Figure 4-43: Trailing Face, Nu Variation with Rotation Number
Re-69,000, Ap/p=O.190, Outward Flow
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Figure 4-44: Front Face, Nu Variation with Rotation Number
Re-69,000, Ap/p-0.190, Outward Flow
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Figure 4-45: Back Face, Nu Variation with Rotation Number
Re=69,000, Ap/p0.190, Outward Flow
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Figure 4-46: Leading Face, Averaged Nu Variation with Rotation Number
Re-69,000, Ap/p=0.190, Outward Flow
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Figure 4-47: Trailing Face, Averaged Nu Variation with Rotation Number
Re= 69,000, Ap/p=0.190, Outward Flow
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Figure 4-48: Leading Face, Averaged Nu/Nuoo Variation with Reynolds
Number for different Rotation Numbers, Ap/p=0.190, Outward Flow
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Figure 4-49: Trailing Face, Averaged Nu/NuMo Variation with Reynolds
Number for different Rotation Numbers, Ap/p=0.190, Outward Flow
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Figure 4-50: Leading Face, Averaged Nu/Nuoo Variation with Reynolds
Number for different Rotation Numbers, Ap/p=0.190, Inward Flow
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Figure 4-51: Trailing Face, Averaged Nu/Nuoo Variation with Reynolds
Number for different Rotation Numbers, Ap/p=0.190, Inward Flow
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Chapter 5
Discussion of Combined Effects of Rotation
on Heat Transfer
In the previous chapter the experimental results were presented and discussed. In
this section the combined effects of flow direction, rotation and buoyancy will be examined
in order to gain a more complete picture of the flow in these passages. The heat transfer
results here are presented in terms of variations of the three important parameters, Rotation
number, Buoyancy parameter and flow direction at two fixed locations in the passage, one
closer to the inlet and one near the exit, at a fixed Reynolds number. The exact details will
follow shortly. Also at the end of this section a brief comparison of these results with those
of other investigators is presented.
5.1 Combined Effects on Heat Transfer
In order to isolate the effect of rotation first, the data of the previous section was
compiled in such a way that a parametric study can be performed. In particular, to isolate
the effect of rotation, the Nusselt numbers at two axial locations were plotted with the
rotation number as the independent variable. Two locations in the passage were chosen,
one at x/Dh=4.23 and one at x/Dh=12.7. These correspond to locations close to the inlet
and near the exit respectively, because it is expected that the x/Dh parameter influences heat
transfer significantly. The Reynolds number was chosen to be =25,000. In the case of
variation with rotation number the data for the base test case of density ratio of =0.20 was
considered. The focus is on the leading and trailing surfaces and each one has a
corresponding graph of variation with rotation number, for two flow directions, inward
and outward. The Nusselt numbers have been normalized by the stationary value, denoted
as usual by Nu.o. The experimental points here represent an average over the circumference
of the test section.
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Figures 5-1 and 5-2 show the variation of Nu/Nu. with rotation number for the
two sides. Figure 5-1 for the leading side shows that near the exit of the channel at an
x/Dh=12.7, rotation enhances the Nu ratio. Note that initially the rate of increase of
Nu/Nuoo with rotation is quite high but after Ro=0.20, Nu/Nu0, increases at a lower rate.
At the upstream location of x/Dh=4.23 the behavior is different. Note that initially Nu/Nu0
increases although at a small rate and then decreases with rotation after Ro-0.20. There is a
subsequent increase at the higher rotation number of 0.5 but the improvement is not
significant compared to the Nu values at the lower rotations. Note that this decrease tends
to drive the Nu values toward stationary Nuo values. This behavior is distinctly different
than the one observed at the downstream location.
On the trailing side from figure 5-2 one observes that Nu/NuM values compared to
those in a stationary duct always increase with rotation. At the upstream location, the Nu
ratio improves with rotation at a relatively small rate, however, it increases sharply after a
Ro=0.25. This is due to the strength of the Coriolis induced flows impinging on the trailing
surface at these high rotation numbers. At the downstream location on this surface Nu/NuM
always increases with rotation as well, almost at the same rate for all the rotation numbers.
The rapid increases present at the upstream location are not present in this case and it is
possible that this is due to an impeding effect due to buoyancy as at these high rotation
numbers the effect of buoyancy can be considerable.
Thus far only the rotational effect was examined. It is expected that buoyancy plays
an important role throughout the passage and over a wide parametric range, as the raw data
in chapter 4 revealed. To study the combined effect of rotation and buoyancy figures 5-3
and 5-4 were prepared which show the Nu/Num variations on the leading and trailing side
respectively as a function of the buoyancy parameter. The buoyancy parameter as used here
is based on the average density ratio in order to be consistent with the experiment and the
graphs were prepared by varying the density ratio and compiling data for three different
rotation numbers, Ro=0.06, 0.20 and 0.30. From figure 5-3, on the leading side, at the
upstream location of x/Dh=4.23, it seems that the overall behavior of Nu/Nuo is to
decrease with buoyancy, although the absolute Nu values for each cluster of points can be
higher than the other because of the increasing rotation number. For example, note that
between Bo=0.26 and Bo=1.2 the tendency is for Nu values to move toward stationary
Nu values. This is consistent with the observation that an increase in density ratio tended
to decrease heat transfer values, as shown in chapter 4. It is interesting also to note that
large decreases noted in the figure between Bo=0.26 and Bo=0.58 correspond to a rotation
number of 0.2 and this was the rotation number range in which Nu numbers decreased in
113
figure 5-1. This point demonstrates that the coupling of buoyancy and Coriolis forces is
effective throughout the duct.
On the upstream location on the leading side it appears that the general behavior is
more complex but overall the tendency is for Nu/Nu, to increase with buoyancy
parameters, quite sharply at the lower buoyancy parameters and less steeply as Bo
increases, although some decreases are noted at certain Bo parameters.
On the trailing side the situation is also complex and there is more data scatter, but
for the upstream location note that again the tendency is for Nu/Nu, values to decrease as
Bo increases, at least over a range of Bo parameters, such as between Bo=0.005 to 0.5.
The local increases at certain Bo parameters are due to the low density ratios which were
used in the computation which tend to increase the Nu. On the downstream location the
overall tendency is for Nu/Nu. to increase with Bo, at a rate comparable to that on the
downstream location on the leading side, although the initial sharp increase at low Bo as on
the leading side is not present in this data.
The above parametric graphs were repeated for the case of inward flow, again for
the base case with a density ratio of =0.20. Figures 5-5 and 5-6 show the variation with
rotation number for the leading and trailing sides respectively. It is interesting to note that at
the downstream location in the passage for both the leading and trailing sides heat transfer
has been impeded compared to the stationary case. In addition for both sides we may note
that large increases in rotation number cause relatively small increases in Nu/Nu*. In
particular for this downstream location on the trailing side this is in contrast to the situation
with outward flow which showed large increases in Nu/Nu. with increases in rotation.
From these two figures, for the location upstream we may note that for a rotation
number of less than 0.20, the leading side experiences higher Nu/Nu,, due to the reversal
of the Coriolis effect. The fact that the Nu ratio is a little higher at lower rotation rates is due
to the fact that this test case was at a slightly lower density ratio, so it is not believed that
this is a rotational effect. But the two figures show that it is possible for the trailing side to
achieve large Nu numbers in this upstream location at higher rotation rates. The rate of
increase is also higher for the trailing side at these higher rotation numbers. At this
upstream location, Nu values never drop below stationary Nu. values and rotation has a
beneficial effect on enhancing heat transfer although the contrary is true downstream. It is
suspected that buoyancy also plays a role in these phenomena and just as in the case of
outward flow the variation with buoyancy was also examined.
Figures 5-7 and 5-8 show the variation of heat transfer with the buoyancy
parameter for the leading and trailing sides respectively. The behavior of these curves show
the complexity of isolating the effect of buoyancy. On the leading side and the trailing side
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at the downstream location it appears that buoyancy impedes the Nu and similar to the case
of rotation large changes in buoyancy cause relatively small changes in Nu/Nu,. The
important point here is that at this location levels below stationary Nu. values exist.
Focusing on the leading side at the upstream location , the behavior is quite complex. There
appears to be a lower Bo range where Nu/Nu. is high and a larger range after a Bo of 0.5
where it is much lower and decreases rapidly ( i.e. between Bo-0.4 and Bo=0.7 ). This is
also true for the trailing side. There are several local maxima and minima and it is hard to
discern any clear trends here, although it is clear that as a result of buoyancy stationary
Nu, values are not encountered in the upstream location and in general at this location the
effect of buoyancy on both of these sides is to increase the Nu from stationary values
although there can be large decreases in the absolute magnitude of Nu as the buoyancy
parameter increases. Recall that in the raw experimental data, increases in density ratio
caused overall decreases in Nu number.
It seems that in this case of inward flow, the effect of buoyancy is quite complicated
and not as easy to interpret as in the case of outward flow. The particular axial location
seems to play an extremely important role on the behavior of Nu/Nu. and this is true both
for the case of outward and inward flow. The net effect as a result of the Buoyancy and
Coriolis forces is not entirely clear. For example at the downstream location where heat
transfer is impeded it is not clear whether the Coriolis heat transfer enhancement is modest
or strong and how much the Coriolis benefits ( or possible losses ) are reduced (or
enhanced ) by buoyancy. More data is needed to verify this behavior and improve our
understanding in the case of inward flow in terms of the relative magnitudes of the two
effects.
5.2 Comparison with Previous Experimental Results
In the previous section a parametric study was presented on the combined effects of
rotation on heat transfer in the rectangular duct. It would also be interesting to see how the
present contribution compares with previous experimental results, however, first it is
important to remind the reader that the experiment here is of the constant heat flux type.
Typically, either a constant heat flux or constant wall temperature thermal boundary
condition is employed in these experiments. In a real blade passage the true thermal
condition is probably somewhere in between. It is possible that the flow and thermal fields
and therefore the Nu behavior are quite different for each type. In the discussion that
follows the particular thermal boundary condition used in each experiment is noted.
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Morris and Ayhan [17] performed experiments with radially outward flow in a
cylindrical tube rotating in the orthogonal mode. A constant wall heat flux condition was
imposed. They noted that the Coriolis acceleration tends to improve heat transfer but this
Coriolis induced improvement may be nullified and reversed due to centripetal buoyancy.
Specifically, they used a rotational Rayleigh number to quantify the effects of the
rotationally induced free convection field and found a systematic reduction in heat transfer
with increasing Rayleigh number at fixed values of Reynolds and Rossby ( the inverse of
Rotation ) numbers.
Morris and Ayhan also proposed bounds for impaired and enhanced heat transfer as
well as a correlation for the effects of rotational buoyancy. In particular they proposed for
the leading side heat transfer with outward flow the following correlation:
r , -0.186
Nu = 0.022Re0 .8 Ro0 .33 Ra .186 (5.1)
Re2
where Re is the Reynolds number, Ro is the Rotation number and Ra is the rotational
Q2 HJJDh 3(ATw)PrRayleigh number defined as Ra = 2 where Dh is the usual duct
hydraulic diameter, 3 is the coefficient of volume expansion of the coolant, Q is the angular
velocity, Pr is the Prandtl number and ATw is the wall-to-coolant temperature difference.
This expression can be rewritten in terms of the parameters used here [25] as:
Nu =1.35* 0(33 Ap R )(Dh )2 186  (5.2)
Nu, U p Dh U
Note that the terms in the brackets are the rotation number and Bo parameter used in this
experiment. Figure 5-9 shows this correlation along with experimental data on the leading
side for outward flow. The averaged values are used for the Buoyancy number and three
different Rotation numbers are plotted for Morri's correlation. It is extremely important to
note at this point before inspecting the figure that Morris's original Bo parameter range is
limited to a maximum Buoyancy parameter of 0.04 and the data shown in the figure for
larger buoyancy parameters are extrapolated data to Morris's correlation. So trends rather
than quantitative agreement should be considered.
From the figure it seems that both the experiment and correlation predict the same
trends and a systematic decrease of heat transfer with an increase in buoyancy for outward
flow. Note that the experimental values are consistently higher than the predicted ones but
116
as was mentioned above, quantitative agreement is not expected. The above trends are also
consistent with observations by Harasgama and Morris [8] and Clifford et al. [4] who also
found decreases in heat transfer with centripetal buoyancy.
One interesting finding by Clifford et al. from their work on a triangular duct with
outward flow and constant heat flux is that in the entry region rotational buoyancy appears
to have an adverse effect on the local Nu where as in the exit region of the duct the
influence of rotational buoyancy is reversed and increases in the local Rayleigh number at
fixed rotational speeds produced increases in the local Nu number. This is consistent with
what was described in section 5.1. Referring again to figure 5-3, note the increase in Nu
with the buoyancy parameter near the exit and the decrease near the inlet at x/Dh=4.23.
Wagner et al. [25] in their study with a smooth model and a nearly fully developed
inlet flow profile, found that heat transfer can increase up to 3.5 times the stationary levels
on the trailing side and decrease to 40% of fully developed levels on the leading side, in the
case of outward flow. Their work is quite valuable here for comparison as they studied
effects of rotation in a similar range of parameters, although they employed a constant wall
temperature boundary condition. They found that near the passage inlet on the leading side,
Nu/Nu., decreases with increasing density ratio, which is what is also observed here (
figure 5-1 ) and they attribute this reduction to the interaction of the near wall flows and
buoyancy effects.
Wagner et al. also found that heat transfer on the leading surface can decrease with
rotation number and subsequently increase with rotation at a downstream location. This
behavior is comparable to the one observed here for the leading side, however although
Wagner reports a decrease and then a rebound in Nu downstream, this rebound in this
study only took place at the upstream location since downstream Nu increased
systematically with rotation.
More important, Wagner's data shows increases in Nu with increasing density ratio
or buoyancy parameter where as the present data show the opposite trends, in the case of
outward flow. It is not clear why this is so and it is possible that it is due to the different
thermal boundary condition imposed on the duct.
In the case of inward flow perhaps the most comprehensive study is that of Wagner
et al. [25] and [6] who covered as in the case of outward flow an extended range of rotation
and buoyancy parameters. They concluded that increasing the density ratio generally caused
an increase in heat transfer, however, the increase in heat transfer for the inward flowing
passage was considerably less than that for the outward flowing passage. They also noted
that whereas the density ratio and rotation caused large changes in heat transfer for radially
outward flow, they cause relatively small changes for radially inward flow. Regarding the
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high pressure surfaces ( i.e. trailing in outward flow and leading in inward flow ) they
found that while the heat transfer was a strong function of the buoyancy parameter for these
surfaces for the outward flow case, heat transfer was relatively unaffected by the buoyancy
parameter for inward flow.
Harasgama and Morris [8] and Morris and Harasgama [19] performed experiments
with radially inward flow in square sectioned, triangular and circular ducts, employing a
constant heat flux condition. Morris and Harasgama found from their experiments on a
square sectioned tube that when the flow is inward, the Coriolis pattern reverses and there
was a tendency for the leading surface to operate at a lower temperature than the trailing.
They also found that the relative differences between the trailing and leading surfaces were
more pronounced near the mid/exit region of the duct.
Harasgama and Morris [8] noted that in the case of inward flow, the mean Nusselt
numbers with rotation generally tend to be higher than the corresponding zero speed cases.
They also found that increasing centripetal buoyancy generally tends to further increase heat
transfer on the leading side, while reducing it on the trailing side, but from their work on
the square duct this effect was not very noticeable at a Reynolds number of 20,000. They
also concluded that an increase in the Rotational Reynolds number ( their chosen parameter
to quantify the effects of rotation ) tended to impede Nu numbers on the leading side.
From their work on the triangular duct they found that with radially inward flow, at
the higher Re of 25,000 the Nusselt numbers are lower than the corresponding stationary
values, particularly at the higher rotational speeds. They also performed tests at lower
Reynolds numbers and found different trends but for purposes of the discussion here, only
the parameters relevant to the range in this experiment will be shown. In particular, they
found that at a Reynolds number of 24,650 and a rotational Reynolds number of 675,
which corresponds to a rotation number of =0.03, that centripetal buoyancy tends to
impede heat transfer on the leading side of this duct and can cause it to fall below stationary
values ( figure 11 in [8] ). In this particular paper there is no information available
regarding local variations of Nusselt number with axial distance.
Comparing the results here with the above experimental findings one notes several
common trends as well as some differences. Here the discussion will focus on the
differences between the experiments at a qualitative level. The differences in parameter
range and thermal boundary conditions do not really justify an in depth quantitative
comparison. It seems that in the case of inward flow, as in the case of outward flow, there
are differences with Wagner et al. in the behavior of heat transfer with the density ratio. In
this experimental study, increasing the density ratio tends to impede Nu/Nu, where as
Wagner notes that increases in density ratio cause increases in Nu/Nu. in general,
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although in the case of inward flow not as significant as for outward flow. The fact that the
increases in Nu are much larger for the case of outward flow than for inward flow was also
noted here.
The comparison with Morris' results in the case of inward flow is harder due to
differences in the experimental range of parameters and the limited data provided by Morris
on local Nu numbers. The overall trend that Nu numbers are impeded due to buoyancy also
shown by Morris at a Reynolds number of =25,000 is noted in both experiments, but the
rotation numbers in Morris's study are much lower than in the present experiment. Thus
one runs in the danger of extrapolating or speculating, neither one of which is desirable
when predicting local heat transfer behavior. Perhaps more data by both experiments over a
common range of parameters would help in substantiating results for inward flow.
Returning to the case of outward flow, the trends in the data here also appear to be
consistent overall with data by Jones [12] who performed experiments on the same rig,
using the same technique but with different test sections. He noted that Nu/Nu reaches a
minimum on the leading face as the density ratio increases, but a continuing decrease of
Nu/Nu. with density ratio on the other three faces. He also noted that in the inlet region, at
low rotation the leading surface experiences a larger Nusselt ratio. A more detailed
comparison with Jones' or Barry's data is not possible as only a small portion of the data is
available in their report for the smooth rectangular module, since they focused mostly on
the effects on geometry and performed tests with several different models.
To conclude this section, it appears that several trends are quite consistent with
those of other investigators, particularly in the case of outward flow and at the same time
some differences are noted, at least at a qualitative level. Perhaps more experimental data
over a common range of parameters would be useful for comparison purposes in order to
quantify the phenomena observed in these passages.
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Figure 5-1: Leading Side, Variation of Nu/Nu, with Rotation Number at selected axial
locations, Re=25,000, Outward Flow
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Figure 5-2: Trailing Side, Variation of Nu/Nu. with Rotation Number at selected axial
locations, Re=25,000, Outward Flow.
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Figure 5-3: Leading Side, Variation of Nu/Nu. with Buoyancy Parameter at selected axial
locations, Re=25,000, Outward Flow.
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Figure 5-4: Trailing Side, Variation of Nu/Nuoo with Buoyancy Parameter at selected axial
locations, Re=25,000, Ouward Flow.
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Figure 5-5: Leading Side, Variation of Nu/Nu, with Rotation Number at selected axial
locations, Re=25,000, Inward Flow
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Figure 5-6: Trailing Side, Variation of Nu/Nu, with Rotation Number at selected axial
locations, Re=25,000, Inward Flow
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Figure 5-7: Leading Side, Variation of Nu/Nu* with Buoyancy Parameter at selected axial
locations, Re=25,000, Inward Flow.
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Figure 5-8: Trailing Side, Variation of Nu/Nu. with Buoyancy Parameter at selected axial
locations, Re=25,000, Inward Flow.
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Chapter 6
A Momentum Integral Model for Flow in a
Heated Rotating Duct
As discussed previously, the simultaneous effect of centrifugal buoyancy and
Coriolis forces in a heated rotating duct can result in an extremely complicated, three
dimensional flow field that is coupled to the temperature field. In addition, the flow in gas
turbine cooling passages is usually turbulent over typical operating conditions and not
necessarily fully developed, while these blade passages may have irregular cross sections.
Due to this complexity of the velocity and temperature fields, a number of
assumptions must be made in order to simplify the theoretical treatment of the problem.
Fully developed flow is often assumed, so axial velocity gradients vanish from the
governing equations and the flow is often assumed to be laminar in order to avoid treating
the unknown turbulent Reynolds stresses. In addition, typically a circular geometry is used
in such models and often the flow is considered to be incompressible with the buoyancy
terms neglected. This is unfortunate because the centrifugal buoyancy has a large effect on
heat transfer rates.
Direct numerical treatment of the problem has also been attempted lately by
numerous investigators. Such work focuses on the solution of the Reynolds-averaged
Navier Stokes equations along with some appropriate turbulence modeling, e.g. Iacovides
and Launder [9], Prakash and Zerkle [22]. Numerical predictions in general agree both
qualitatively and quantitatively with experiments, however, it is often quite difficult to
understand the basic physical features of the problem through a direct numerical simulation.
An alternative theoretical technique that has been developed is the integral method.
Integral methods have been applied previously to the rotating duct problem by several
investigators. Ito and Nanbu [10] analyzed the flow in a circular rotating duct by assuming
laminar flow and that the flow may be treated as a central inviscid core with boundary
layers on the side walls. Their analysis focused on computing the velocity distribution and
friction factors in the duct. Mori and Nakayama [16] applied the core-boundary later
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concept to analyze laminar flow in heated, circular, orthogonally rotating tubes by
assuming in their analysis a uniform boundary layer thickness, not necessarily a valid
assumption. Their results correlated fairly well with data by Morris [21], provided the
Prandtl number was of the order of one. Chew [3] applied a similar integral method to
incompressible, turbulent fully developed flow in a circular duct and predicted velocity field
and pressure drop coefficients while Moore [15] applied an integral model in order to
investigate secondary flows in radial flow passages. He considered incompressible,
turbulent flow and correctly predicted a thickening suction layer and thinning pressure layer
due to rotation.
6.1 Flow Model Introduction
The flow model presented in this work attempts to capture the evolution of the flow
and temperature fields in a heated channel rotating in the orthogonal mode with outward
flow. Its main objective is to determine the influence of rotation on heat transfer in this type
of duct flow. Other useful information may be obtained as well, such as for example the
development of the boundary layers on the walls of the duct. The model is primarily
concerned with how heat transfer evolves in the streamwise direction, so the flow is
developing and it is considered to be turbulent, as in most gas turbine engine operating
conditions. Before the model is presented it is noted that for such a complicated flow,
simplifications must be made and it is not expected that the results will be exact. Rather the
trends to parametric variations predicted by the model are of chief value to the study of this
problem.
Essentially the model is based on the approximate solution of the turbulent Navier
Stokes equations by the integral method. The flow is considered to be composed of four
parts: An inviscid core, top and bottom wall layers, side wall layers and corner flows. A
schematic of this flow picture is shown in figure 6-1, which is a cross section of the duct at
a particular radial location. This core-layer flow picture is very similar to that used by
Moore and Mori in their analysis.
In order to account for the effects of rotation and heating, the cross flow terms
arising due to the Coriolis forces as well as the buoyancy terms are maintained in the
equations of motion and momentum transport in the top and bottom walls is accounted for.
These tangential flows are important because momentum is transported from the pressure to
the suction side in the layers.
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Figure 6-1: Schematic of Flow Picture proposed in the Model
Simple profiles are assumed for the velocity and temperature fields and the resulting
momentum and energy differential equations are solved for each side of the duct and overall
continuity is satisfied for the whole channel.
To close the system of equations, various boundary conditions may be imposed on
the duct. A constant heat flux wall condition is simulated in the model, but a constant wall
temperature condition could be imposed.
In the next sections the model formulation is presented. A comparison with data
from this experiment then follows, along with a general discussion of the results from a
parametric variation using this model. We then close with some concluding remarks.
6.2 Turbulent-Boundary Layer Integral Relations
The flow in heated, rotating ducts is governed by the laws of conservation of mass,
momentum and energy, which may be written as follows, in compact vector form:
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Mass:
V. (pii) = 0 (6.1)
Momentum:
- (u'u V) ii V + = (T- Tr) xi x )- 2 x (6.2)
dxj Pr
Energy:
pcp(i. VT)= (qi) (6.3)
At this point it is important to understand the assumptions built in equations 6.1-3
and the meaning of each term. The equations apply to three dimensional, steady flow in a
heated, rotating duct. All variables indicate mean flow quantities. Examining each equation
separately, 6.1 is the familiar continuity equation written for compressible flow. Equation
6.2 is the momentum equation as derived by Morris [21], except that the equation in the
above form is valid for turbulent flow with the addition of the turbulent inertia tensor on the
left hand side. Further, it has been assumed in the momentum equation that there is no
translational acceleration of the rotating frame and the gravitational effect is comparably
small.
As it is common to do in problems of natural convection, in order to simplify the
problem the usual Boussinesq approximation has been employed in the previous equations,
which states that since for most fluids small variations in temperature ( say 10 C ) cause
relatively small variations in density ( of the order of 1% ), the density may be treated as
constant except in the buoyancy term. Thus according to the Boussinesq approximation the
density has been expressed as [21]:
P = Pr (1- 4(T - Tr)) ( 6.4 )
where Pr is the density of the fluid at a specified reference temperature Tr and 03 is the
coefficient of thermal expansion. This implies that the density varies linearly with
temperature and is only included in the centrifugal force term ( For a complete derivation
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see Morris [21] ). This also implies that the equation of mass conservation could have also
been written in its incompressible form:
V-i =0 (6.5)
Examining further each term in the momentum equation, ii denotes the mean
velocity vector. The quantities u'i and u'j denote the turbulent fluctuations in velocity and
the bar over them denotes a time average. The reader is also referred to White [27] for more
details on turbulence and time averaging. v is the kinematic viscosity, Q is the rotation
vector and R is the position vector from the center of rotation. Subscript r indicates as
discussed previously a reference condition ( which may be taken at the origin for
convenience ) and p' denotes the pressure departure from the reference condition. So if pr
is the reference pressure, p' is defined as P-Pr. Similarly, Tr is the reference temperature,
as defined previously. The final form of this equation is arrived at by expanding the
momentum equation in terms of perturbations in temperature and the hydrostatic pressure (
See Morris, [21] )
The energy equation 6.3 is perhaps more familiar. It is the statement of energy
conservation for turbulent flow, with the dissipation function neglected. p is the density of
the fluid and cp is the specific heat. The term qi is the total heat flux vector composed of a
laminar and turbulent flux, i.e.
qi = -k xi + pcpu'i T (6.6)
The above equations may be applied directly to our rotating duct geometry.
Consider first figure 6.2 and the fixed coordinate system XYZ as shown. Let xyz denote
the rotating coordinate system fixed on the duct. Let the duct have a length L, a height H
and a width W. The duct has an eccentricity x0 in the x direction as shown in the figure. It
is rotating about the z axis in the sense shown and the flow is outward.
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Figure 6-2: Schematic of Rotating Duct and Coordinate System
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The above equations may then be written as follows, in component form:
Mass:
du dv dwd +-dy =
ax ay az (6.7)
x-Momentum:
du
u-dx
du
+v-+y
dy
du du'2
w- +-
dz dx
du' v'
+---
dy
du' w'
+ =
dz d
2
u
d2u do2 u)
+ +
+y -W+-z2 )
lap'
Pr dx
-P(T-Tr)2 (x+x 0 )+ 2v
(6.8)
y-Momentum:
v' u' dv'2 v' w'
++ + +- z
dx dy dz
-fl(T - Tr)Q 2 y- 2Qu
(6.9)
z-Momentum:
dw' u'
+ -+dx
d w' v'
dy
2dw' 2
+-
dz
(6.10)
Energy:
PCpu dT +v + w T  jJdx dy dz
dqx dqy dqz
dx dy dz
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dv
u -dx
dv
+v-+
dy
dv
w-zdz
(dx2
1dx2
lap'
Pr dy
dw
u-
dx
dw
+v-
dy
dw
+w-
dz
d2w
-x2
d2w
dY2
d2w
I z2 Pr dz
(6.11)
d2 v d2+ +-)
2 +OZ2
The above equations or some truncated version thereof may now be applied to each
of the four duct regions, along with several other flow assumptions. We begin with the
core region of the duct.
Core
Let Uoo,Vo,Wo denote the velocity components in the core. V. is the secondary
flow present in the core, opposite to the sense of duct rotation and it is shown in figure 6-1.
Further let T. denote the core temperature. It is assumed that in this region W. is very
small and it is neglected and the radial velocity distribution for U. proposed by Moore in
his model [15] holds:
U= U + 2My ( 6.12 )
This equation as it is used here is only an approximation because it was originally derived
by neglecting the core secondary flow, whereas in this model the secondary flow is
maintained. This distribution is only used at the edges of the boundary layers for
computing the pressure gradient term in the layers. If we consider a volume flow Q through
a channel of height H and width W, then U is the mean velocity of the flow, defined
simply as U = Q / WH. So equation 6.12 gives the characteristic "distorted" radial velocity
distribution in the channel as a result of rotation.
However, the mean velocity in the core will increase streamwise as the boundary
layers in the duct grow and close in on the core so a correction invoking continuity between
the core and the layers is necessary in the above equation. If we let 8* denote the
displacement thickness of any of the layers and subscripts t, p and s denote the top,
pressure and suction layers respectively, then equation 6.12 may be rewritten as [15]:
QU= Q + 291y (6.13)
(W - os - 6;p)(H - 3t - Sp)
The equation above may be evaluated at the edges of the wall layers to give the velocity
needed in the boundary layer calculations, so we let Up denote the core velocity at the edge
of the pressure layer and Us the core velocity at the edge of the suction layer.
It must be noted here that the core exchanges energy and mass with the layers. In
particular the secondary flow in the core entering the pressure layer as shown in figure 6-1
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must satisfy some form of continuity while the core also exchanges energy, the suction
layer for example feeding the core fluid at the suction layer temperature. The governing
equations for this energy and mass exchange will be not be given here, but in the
subsequent sections as they are really coupled to the boundary layers and an understanding
of the layers first is necessary.
Boundary Layer Analyses
Top ( Side ) and Bottom ( Side ) Wall Boundary Layers
The top layer in the duct is shown in figure 6-1. Due to duct symmetry, the bottom
layer is assumed to be the same as the top. The turbulent boundary layer equation for flow
in the x direction may be obtained from equation 6.8, by employing the usual boundary
layer assumptions and neglecting the Reynolds stresses and their derivatives in the x and y
directions:
du du du d2u du' w'  1 dp' (T ) (x )+
u +v-+w-= V-Z (T -PTr) (x+xO)+2Kv
dx dy ddzz2 dz p x
(6.14)
The above equation states that in the x direction the usual momentum terms are balanced not
only by the axial pressure gradient and viscous terms but also by the x components of the
buoyancy and Coriolis forces. Also, as before the subscript t stands for top layer. For the
top and bottom layers the continuity equation remains the same as equation 6.7.
The energy equation for the top layer may be written also from equation 6.11 as:
pP u d + v + wd = z  (6.15)
x y dz dz
The next step to arriving at the integral form is to eliminate the pressure gradient
term in the momentum equation, as it is usual to do in boundary layer type flows. Equation
6.8 may be evaluated in the core outside of the top layer and the pressure gradient
substituted in equation 6.14. Further, we write the viscous terms in terms of the total
turbulent wall shear stress in the x direction as 'x.
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The following equation may then be obtained:
u- +w-= U + T - (Tt - T.)2 (x + x0) + 2v (6.16)dx y dz dx pdz
Now, the integral momentum equation may be derived in the usual manner. Let 8t
denote the hydrodynamic layer thickness of the top layer. If equation 6.16 is integrated
from z=0 to z=6t and use is made of the continuity equation the momentum integral
equation of the top layer may be obtained. ( Only the final form is presented here because
the algebra is straight forward but tedious. The reader may refer to White [27] for example
for the integrations)
dO+ 1 dU (20+*)= 2vdz+ 2(x+xo)(T-T)dz
dx U dx pU UU
0 0
(6.17)
Note that the equation above is the familiar Karman integral relation, with Coriolis and
centrifugal buoyancy terms. The temperature appears in the latter, providing a coupling of
the temperature and flow fields.
In the above equation 0 is the boundary layer momentum thickness defined in the
usual manner as:
0= U(1 u dz
0
Similarly 8* is the boundary layer displacement thickness defined as:
0
The energy equation may be integrated similarly, from z= to z=8zt where 8tt is the
thermal thickness of the top layer to obtain:
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pcp (u(T, - T.))dz = q, (6.18)
0
The above two equations define the development of the thermal and hydrodynamic
boundary layer thicknesses for the top layer. Next the equations defining the side wall
layers are presented, then a detailed method of solution by substitution of profiles is given.
Side Wall ( Pressure and Suction Side ) Boundary Layers
The turbulent boundary layer momentum equation along and perpendicular to the
side wall may be written as:
u du + u u'v' 1 p -(Tsid e -Tr)2( x + x 0 ) + 2  v  (6.19)dx dy dz dy2  sy Pr dde
0 = 1 dp' fI(Tside - Tr ) 2y - 2u (6.20)
Pr dy
In the above equation the important cross flow velocity w is maintained, while
Reynolds stresses and derivatives in the x and z directions have been neglected. Now the
subscript s refers to the side layers and the above equation applies both to the pressure and
the suction side if the rotation rate is taken as positive or negative as appropriate. If the
equation above is again rewritten in a similar fashion as for the top layer by eliminating the
pressure gradient we obtain:
u-+ v-+ w-= U + - (Tside - T,)2(x+x)+2Qv
dx dy dz dx pdy
(6.21)
Now this equation may be integrated from z-0 to z=6side ( either pressure or suction side
). In the resulting integral equation there are two integral three-dimensional terms. These
terms arise due to the Coriolis acceleration associated with velocities normal to the side
walls and the transverse pressure gradient perpendicular to the wall and they are:
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side 3 side 5 side
u12 d w(U -u)dyand U 2  2K ylydy
U.o2 dz f 2£ yldy
The second term is assumed to be small compared to the first one so it is neglected and the
resulting momentum equation may be written as:
dO + 1 dU(2 0+dx Uoo d
dx Uc x, + 3*) =x 2pU
Oside
1 d w(Uoo
U. 2 dz
xside
+ 2 (x + x0 ) (Tside - T )dy
0
(6.22)
The energy equation for the side layers has the same form as the energy equation for the top
layer except that the integration now is in the y direction, so if 8tside denotes the thermal
thickness for the side layers the energy equation may be written as:
8'si
0
de
PCp dx (u(Tside-T T .))dy =q, (6.23)
The above equations define the development of the side wall boundary layer thermal and
hydrodynamic thicknesses.
Corner Flow
The corner flows in the model are important because they provide the fluxes for the
cross flows in the side wall boundary layers. Here the simple corner flow model employed
by Moore [15] is used. It is assumed that continuity holds over the corner cross section, so
dU
= 0 and the fluid turning the corner maintains its momentum in the x direction. Nowdx
continuity requires that [15]:
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- u)dy +
v(z)dz = w(y)dy ( 6.24 )
where v(z) and w(y) are the cross flow profiles as shown in figure 6-1. Thus if v(z) is
assumed, then the profile w(y) entering the suction side and leaving the pressure side of the
duct may be evaluated in equation 6.24.
6.3 Analysis of the Equations for the case of Constant
Wall Heat Flux
In this section the equations developed previously will be solved in order to
determine the heat transfer on each side of the duct. Profiles for velocity and temperature
will be assumed, substituted in the above equations and the integrations will be performed.
The resulting equations will be ordinary differential equations in x, the solution of which
gives the development of the hydrodynamic and thermal thicknesses and eventually the
Nusselt numbers for each face.
As a first modeling attempt a constant wall heat flux will be simulated. This will
allow some comparison with the experimental data presented in the previous sections as the
experiment in this work is also of the constant wall heat flux type.
Top ( Side ) and Bottom ( Side ) Wall Boundary Layers
We begin with the top layer. We know that the layer is characterized, as before, by
a hydrodynamic thickness which was called 8t and a thermal thickness which was called
8
,t. Recall that equations 6.17 and 6.18 describe this layer and they are reproduced below
for clarity:
at t,
d+ 1 dU (20+*)= x 2vdz + (x+xO)(Tt - T)dz
0 0
(6.17)
pcp d(u(Tt - T.0 ))dz = q, (6.18)
0
137
We assume now that the velocity u and the temperature T in this layer may be
represented by the simplest profiles that meet an absolute minimum of physical criteria, that
is linear profiles. Thus we may assume that:
u z
for the velocity profile in the layer and
T, -TO z
Twt -T. 0 t
for the temperature profile. For clarity the reader should refer again to figure 6-1 for the
coordinate system used here. As a reminder, z is the coordinate normal to the top wall as
shown in the figure. Twt is the wall temperature on the top wall, which varies with x when
the wall heat flux is constant. Note that the above profiles satisfy the boundary conditions
that at the wall, u-0O, Tt=Twt and at 8t u=Uoo, while at 8t Tt=T*.
It must be noted here that these profiles are quite crude, however, it is expected that
even with these profiles the correct trends should surface. So far our knowledge of the
flow field in the rotating duct is not sufficient to justify more complicated profiles, say for
example a logarithmic turbulent profile, particularly in an approximate method.
With these profiles we can now evaluate most of the terms in equation 6.17 Using
the previous definitions of 0 and 6 first we have:
0= - and 3* =
6 2
Similarly the buoyancy term becomes
JTt - T.dz = (Tt - TO) -62
0
Now it remains to evaluate two terms, the turbulent shear stress and the cross flow
integral. We begin with the cross flow. In order to evaluate the extra three dimensional term
the following profile is assumed for v(z), the cross flow velocity in the top layer:
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= 2 u (6.25)
Note that the above profile satisfies the following boundary conditions. At z=0, v=O while
at z=8t v=V. that is at the edge of the top layer the velocity must be continuous in the core
and equal to the secondary core velocity, as shown in figure 6-1. In the above equation the
previously assumed linear profile may be substituted for u, but it remains to determine the
secondary core velocity V. This may be found by considering continuity between the core
and the side wall layers.
Mass and Energy Exchange between the Core and Boundary layers
Consider again figure 6-1. If we denote by rhse the mass flow per unit length of duct due
to the core secondary flow and denote by rilbl the mass flow per unit length due to the
cross flow in the top layer and consider a control volume around the corner then:
rilbl= risec.
because the fluid from the core enters the pressure layer. Considering half of the duct,
risec is given by:
risec =pV. a( St) (6.26)
The mass flow through the top layer due to the cross flow is given by:
3t
rilbl = Pfv(z)dz (6.27)
0
Thus substituting for the profile v(z) in the above equation and equating it to equation 6.26
an algebraic relation ( as it should be ) for V. may be obtained that expresses continuity in
the core due to the secondary flow. Note that Vo changes along the channel as the
boundary layer thickness changes.
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In addition to mass, an energy balance must be satisfied in the core. If we consider
again figure 6-1, a balance of the convective fluxes ( per unit length of the channel ) on the
suction side of the duct gives:
dT,ApcpU dTW =pcpV,(Ts - TW)H 1  (6.28)
In the equation above and throughout the model it is assumed that To is only a function of
x. Then 6.28 describes how the convective flux leaving the suction side layer enters the
core, due to the secondary motion present in the core. As usual throughout this model, Ts
indicates the boundary layer temperature on the suction side. H1 is the effective height
given by H1 = (H - t - b) and A is the effective core area given as
A = H1(W - - s -8p). Thus if Uo and V. are known and Ts solved for ( through the
assumed linear) profile, the core temperature may be solved for. Actually, in this case of
constant wall heat flux, it is easier to work with the difference of Tw-To, but T. may be
calculated anyway.
In order to finally complete equation 6.17 an expression for the turbulent wall shear
is needed. In order to avoid complicated turbulence modeling, a simpler approach is used
here and an empirical law in terms of a skin friction coefficient is used. Thus we may write:
p - Cf (6.29)
pU. 2  2
where Cf is the usual skin friction coefficient. An approximate curve-fit expression for Cf
suggested by White [27] is used here given by:
Cf = 0.020 Re5 - 1/6 (6.30 )
Thus if all of the terms above are substituted in the momentum equation and the
integrals evaluated with the above profiles one obtains the following ordinary differential
equation:
d6, 1 dU 2Qt +18, V,+ 6flQ 2 (x +xO) (T t 2
-+ (53) = 3Cf + + (T - ) t,dx U dx U0, Uoo U U 2  28,
(6.31)
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where = which was evaluated as discussed in the previous
Uo 6 2 4
paragraph. Similarly if the energy equation is evaluated with the assumed profiles the
following differential equation results:
d U(Twt - T) 2 (6.32)dx _ ( 63t pcp
Note that this equation applies to both the constant wall temperature and constant heat flux
case, as well as flows with pressure gradients, as no simplifying assumptions have been
made yet. A few comments must be made at this point about the equations above. These are
two ordinary coupled differential equations, with the unknowns appearing as the
hydrodynamic thickness 8 t, the thermal thickness 68t, Uo, the heat flux qw, and the
difference between the wall temperature Tw and the core temperature T0 . The core
distribution for Uoo has been assumed already and an equation for T, has also been given
above. So specifying either a constant Tw or qw specifies the heat transfer problem and the
above equations become two coupled equations for the boundary layer thicknesses only. In
this section the case of constant wall heat flux is examined so following is the solution for
the top layer heat transfer problem.
Heat Transfer Solution for Top ( Bottom ) Layer
In the case of constant heat flux the wall temperature which is a function of x must
be solved for in order to determine the heat transfer solution. From the constant flux
boundary condition we have by definition:
qw = -(k + kt ) dI (6.33)dzW
In the above equation k is the laminar thermal conductivity and kt is the turbulent
conductivity of heat. If the linear profile for T:
Tt - T. zTt-To=1
Tw - T, S,
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is substituted in the equation above we have:
(k + kt)q, - (T T )
or solving for the wall temperature (Twt - T,) = + t(k + kt)
The only unknown now to determine is the turbulent-laminar thermal conductivity term.
Recall that we may write by definition the shear stress as:
du
T = p(C+ v) du (6.34)
( Recall also that the z coordinate is taken as the coordinate vertical to the wall ). In the
equation above v is the familiar molecular kinematic viscosity and e is the turbulent eddy
viscosity. From equation 6.29 we wrote that = - . Thus using the linear profile
pU 2 - 2
for u and the definition of Cf above and substituting in 6.34 we have:
(E + V) - 6tU Cf (6.35)
Now, by definition the laminar Prandtl number may be written as
(6.36)
where a is the thermal diffusivity and it is a property of the fluid. Because the flow is
turbulent the turbulent Prandtl number also arises, commonly defined as:
Prt =
t- (6.37)
where eH above is the eddy diffusivity of heat. Note that EH, like e are properties of the
flow, not the fluid. If it is assumed now that Prt - 1, meaning that the mechanism of
transport of heat and momentum are similar then we can write that
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Pr = -
e+ V= a+eH
and since by definition k + kt = pCp(a + EH) we can finally write:
ktU.Cf (6.39)k + kt = pCp ( 6.39 )
Thus finally we have all the terms and we can write:
(Twt - T.) = qw t, (6.40)StUCf (6.40)
PCp 2
The definition of the various terms is as before and note that qw is now a constant. We may
now proceed to the final evaluation of the momentum and energy equations by eliminating
the wall temperature term using the equation above. If 6.40 is substituted in 6.31 along
with the other terms we have the resulting momentum equation:
d 1 dU+ 2, 18 ,t V, 6/2(x + x0)qw
dt + (5t) = 3Cf - 206+ - )+ [26, - 05]dx Uoo dx U. U U pcpCfUO.3
(6.41)
Evaluating the energy equation and using again the fact that qw is constant and
substituting for Tw from 6.40 we have:
{L3C--2= 1] (6.42)
This is an ordinary differential equation because the left hand side is a function of x only so
we have:
S,rt = [x3CfSt2] 1/3  (6.43)
This is convenient because note that now we have an ordinary equation for the thermal
thickness and a differential equation for the hydrodynamic thickness of the top layer. Also
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(6.38)
note that in the above equation everything is known or at least may be written in terms of 6
as we did for Cf previously.
Although the case of constant wall temperature is not pursued here, it is noted that
one may easily arrive at the constant wall temperature energy equation from equation 6.32
by taking the wall temperature term out of the differential since it is a constant. In this case
then a differential equation similar to 6.42 would result but it would not have an explicit
solution and would have to be solved numerically along with the momentum equation.
The above equations produce the two desired unknowns needed in order to
compute the heat transfer for the top wall, i.e. 68t and 6 t. The heat transfer may then be
evaluated using the traditional definition of Nusselt number based on the hydraulic
diameter, as in the experiment:
Nut = hDh (6.44)k
The quantity h is the heat transfer coefficient defined as:
h = qw ( 6.45)
Twt - T,
and if equation 6.40 is used for Tw we may write
Nut = PCP (DhU{o) t (6.46)
k 23,
which can also be written in the neater form:
Nut = PrReDh (26 (6.47)
with Pr being the Prandtl number as before and ReDh the Reynolds number based on
hydraulic diameter. This form shows in a clearer manner the dependence of heat transfer on
the Pr and Re.
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Pressure ( Trailing ) and Suction ( Leading ) Wall Boundary Layers
We rewrite here for convenience the momentum and energy equations for the
pressure and suction layers:
1 dU 2
+ - 20Uoo dx
kside
+*T 1 dU fw(Uo
2 sid
+ 7 (x + xO
02
o
e
(Tside - Too)dy
e- Too))dy = q,
3 Tside
pcp d ((Tsid
0
The procedure for these layers is the same as for the top layer, that is the linear profiles are
substituted in and similar equations for these layers result and they are given below:
dside+ 1 dUside (5side) = 3Cfdx Uside dx
+ 6 2x 0) (Twside -
Uside2
1 d
Uside2 dz
3
side
I w(u
0
side - u)dy +
T0)[ oside 2z side
(6.48)
and for energy:
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dO
dx
- u)dy +
(6.22)
(6.23)
d Uside (Twside - T, =r (6.49)
dx [ 63 side PCp
With the exception of the cross flow terms these equations are similar to the top layer
equations. Note the Uside stands for the core velocity at the edge of the layers and the
subscript side refers to either pressure or suction, as appropriate. We can now proceed to
the heat transfer solution for these layers.
Heat Transfer Solution for Pressure ( Trailing ) and Suction ( Leading )
Layers
Again the solution is similar to the one derived for the top layer. For constant heat
flux the same procedure as before applies, that is the wall temperature and laminar-turbulent
thermal conductivity may be solved for and substituted in the equations above to yield the
following equations for momentum and energy:
3side
dSside + 1 dUside (58side) = - 1 d w(Uside - u)dy +
dx Uside dx side dz
0
6PJ3 2(x + x0)9w+ )qw [23side - side] (6.50)
pcpCfU"3
Also for energy we have:
Trside = [x3CfSside2 ]1/3 (6.51)
Again note that these equations provide the solution for the hydrodynamic and thermal
thickness for the pressure and suction layers. In the above momentum equation the integral
may be evaluated from the assumed profile for v(z) and the corner flow relationship,
equation 6.24 which yields w(y). Finally the heat transfer is evaluated in the same fashion
with a Nusselt number defined as:
Nuside - hsideDh (6.52)
k
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with hside taken to be the appropriate heat transfer coefficient for that side. Thus with these
equations the computation of the heat transfer in the duct can be performed. Next the
combined flow picture and method of solution will be presented and finally a presentation
of results and a discussion will follow.
6.4 Combined Flow Picture and Method of Solution
Until now the mathematical formulation of the model has been presented. It remains
to discuss a few points about the method of solution and the computations performed in
order to understand the next section which will be a discussion of the results.
The duct flow model combines the equations of the inviscid core and the boundary
layer analyses performed previously. The duct is assumed to be symmetrical about the
centerline. The two main unknowns of interest are the hydrodynamic thickness and the
thermal thickness. Each wall then has two equations for these two unknowns, provided the
geometry, heat flux and flow parameters have been fixed.
The development of the top layer's radial component is computed first using
equations 6.41 and 6.43. With the properties of the top layer known and the assumed
velocity distribution from eq. 6.25 for v(z) the distribution w(y) may be found from eq.
6.24. With this crossflow known, the integrals in equation 6.50 may be evaluated and thus
the governing equation for the radial development of the pressure and suction layers be
determined. After every step, continuity is satisfied by correcting the core velocity due to
the displacement thickness of the growing layers.
The above differential equations are solved using an ordinary Runge-Kutta method
that is fourth order accurate. The boundary layers are assumed to be fully turbulent from
the very beginning of the duct inlet and to start the computation the initial boundary layer
thickness must be specified. The momentum equations above however have a discontinuity
at x--0 and become unbounded so in order to avoid this problem we may start the numerical
integration from some small value of x and determine this starting value of the boundary
layer thickness by an approximate analytical method. Details of this procedure are given in
Appendix F. To start the computation the boundary layers on all four walls are assumed to
have the same initial thickness at the inlet.
The model simulates heat transfer in a rotating duct and in an attempt to preserve
some similarity to the experiment, similar flow scaling parameters are used which may be
determined as follows.
The flow Reynolds number is defined in the model, similar to the experiment as
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Re pUDh (6.53)
The next term which should be familiar from the experiment is used to quantify the results
of rotation, i.e. the Rotation number defined as
Ro- Dh (6.54)
U
The two parameters above quantify the effects of inertial forces, viscous and Coriolis
forces. In order to quantify the effects of density changes and buoyancy a third parameter is
needed. Recall that in the experiment the parameters Bo (Buoyancy number) and Density
ratio were used written as:
AT(QD h 2 R
Bo= T( R h (6.55)
and
AP 1  Tb (6.56)
P Tw
However, because in the model one sets the heat flux and solves for the wall temperature it
is clear that the density ratio cannot be determined a priori. This situation is similar to the
experiment during which setting the right density ratio required previous experience with
heater settings. In order to avoid this tedious process here and simplify things it was
decided to use another parameter in this case, a modified rotational Rayleigh number under
the uniform wall heat flux condition defined as [21]:
Ra = fiqRm (ReRo) 2 Pr (6.57 )k
No new information is introduced here really as this number is another way of quantifying
the effects of buoyancy and the experimental data may just as easily be interpreted in terms
of this parameter.
Finally the Nusselt number as defined above is used and repeated here as:
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Nu= h D h (6.58)
k
The above parameters may be set in the model by fixing the inlet temperature, mass
flow, pressure and rotation rate. Similar to the experiment, the working fluid in the model
is freon 12 and properties such as specific heat, thermal conductivity and viscosity are
evaluated using the inlet temperature and they are assumed constant thereafter. In order to
keep the model conditions close to the experimental ones, the mass flow, viscosity, thermal
conductivity etc. are evaluated using the equations also used in the experiment and
described previously in Appendix B. The coefficient of thermal expansion is taken to be
0.00263 1/K, a typical value for freon 12. The heat input to the model is computed with the
usual I2 R ohmic heating law and an attempt is made to use values of current that yield the
same qw encountered in the experimental conditions to allow for a reasonable comparison
with experimental data. All the properties of the test module ( resistance, area, height,
width, hydraulic diameter etc. ) described previously apply to the model as well.
6.5 Results and Discussion
The data presented in this section are the results of the model described previously.
The data are presented in the form of the dimensionless Nusselt number normalized by the
Nusselt number for turbulent flow in a stationary pipe, Nu/Nuo vs. the normalized radial
distance x/Dh. The Nusselt number for stationary fully developed flow is given by the text
book correlation Nuoo=0.023Re 0 .8Pr 0 .3 3 . The flow conditions for the results will be
discussed in the subsequent paragraphs. In the discussion, the terms trailing side and
pressure side will be used interchangeably, as will the terms leading or suction side. The
results will focus on these two surfaces as the most interesting effects of rotation take place
on these two sides.
Figure 6-3 shows the heat transfer model results for the trailing and leading sides,
at a Reynolds number of 24,000, which is nearly equal to the Reynolds number of 25,000
used in the experiment. The value of heat flux used in these computations is 16,040 W/m2 ,
for the main test cases which is a power level corresponding to the physical experiment,
although recall that to aid in the interpretation of the results the modified rotational Rayleigh
number Ra will be used. This test case is the focus of the model as these parameters are
typically found in practice. The rotation number was varied as desired to obtain different
Rotation numbers.
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Figure 6-3: Model Results for Trailing (Top graph) and Leading (Bottom graph ) sides
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Examining this figure, the results correctly predict certain trends which were also
found in this experimental work. The general features of these curves show the typical
entry region, where the layers are very thin and the Nu is very high. The Nu ratio then
decreases as these layers grow, reaches a minimum, but then increases again along the
length of the duct as the Coriolis driven flows develop. However, different trends
attributed to rotation and buoyancy nay be noted in these results, depending on which side
we focus on.
On the trailing side, at Ro=O, the Nusselt Number ratio approaches 1, that is the
Nusselt number approaches the value found in stationary, fully developed pipe flow. These
results at the zero rotational limit are encouraging because they also serve as a check on the
validity of the model. Note that at zero rotation the Nu ratio is the same both for the trailing
and leading surfaces, as it should be since the layers should be growing equally on both
walls.
As the rotation is increased the heat transfer increases on the trailing side. This
confirms the universally accepted finding that rotation increases the Nu on the pressure
surfaces in outward flow. This increase may not be significant at lower rotation numbers,
but note that at a fairly high Ro number of 0.25, factors of two in increase of heat transfer
may be noted.
On the leading wall, the situation is more complex. The trends show that the Nu
initially decreases with rotation, and then increases. At higher rotations it is possible to
impede heat transfer in the initial section of the duct even below the levels found in
stationary pipes. In addition note that the minimum of the Nusselt number curves moves
toward the duct as the rotation increases. This is consistent with experimental observations
presented in chapter 5 regarding the behavior of the suction side Nu number. However, the
model predicts that the subsequent increase in heat transfer happens quite early on in the
channel, almost in the first hydraulic diameter where as the experiment shows that this
"rebound" happens much later on in the channel, depending on the rotation. This difference
between the model and experimental predictions is attributed to the way the flow enters the
channel in the experiment, although the exact inlet velocity profile is not known, as well as
the assumption in the model that the flow is turbulent from the very beginning of the duct.
One important point here to note is that as a result of this subsequent increase the
model predicts that the Nu ratio can rise up to the levels observed on the trailing side higher
up in the duct. This is also consistent with experimental trends and as figures 5-1 and 5-2
showed there was a large increase in heat transfer rates downstream of the passage ( recall
this behavior at x/Dh=12.7 )
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The difference in heat transfer between the leading and trailing sides is attributed to
the fact that the suction layer is much thicker compared to the pressure side layer. The
reason lies in the fact that the cross flow in the top layer causes momentum transport to the
suction layer, thus causing it to thicken and reducing the rate of heat transfer. Figure 6-4
shows at a rotation of Ro=0.25 the model calculation of the development of the
hydrodynamic thicknesses of the pressure and suction layers. The boundary layer thickness
has been normalized by the duct's half width W/2 for a reason to become clear shortly
while the axial distance has been normalized by the hydraulic diameter as usual. The model
predicts this thickening of the suction side layer compared to the pressure side
corresponding to reduced Nu numbers.
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Figure 6-4: Model Results for the development of the pressure and suction layer
thicknesses at Ro=0.25
Thus far we have seen that the model shows good qualitative agreement and the
right trends of Nu with rotation. Before more results are presented it might be worthwhile
to check the quantitative agreement of the model. Figure 6.5 is an overlay of the previous
results with experimental results at nearly the same conditions of flow, rotation and
heating.
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Figure 6-5: Comparison of Model with Experiment, Trailing( Top ), Leading( Bottom)
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On the pressure side the agreement is quite good at rotation numbers of 0.07 and
0.11-0.13 and reasonable at the higher Ro of 0.25 up to an x/Dh of about 8. The right
trends are also observed and the experiment and model differ by about 20% in the worst
case. After this x/Dh, however, the discrepancy increases, particularly for the higher Ro
number of 0.25 where toward the outlet the disagreement is significant. It is not clear why
this disagreement at higher Ro numbers exists. It appears that the model underestimates the
Nu on this surface at these higher Ro numbers.
One possible explanation is that the model is suspect downstream because of the
boundary layer and core assumption. Typically, such integral models of developing flow
predict faster than actual flow development and downstream the layers are not thin
anymore. In addition, it is hard to compare to data as the exact experimental conditions at
the exit or the inlet are not known and the data might also be affected by end effects. This is
also another feature of these formulations, that typically near the entrance the boundary
layer growth is faster than actual, thus leading to the dramatic decrease in Nusselt number
near the inlet. Another observation regarding the layer-core concept is that it might not be
applicable in this higher rotation-buoyancy regime as it is quite possible that the layers are
not thin anymore and there is significant difference in the way the core interacts with these
layers. Figure 6-4 supports this point and shows that near the exit, particularly the suction
layer has almost reached the duct's centerline ( = 0.9 of the duct's half width ). The
pressure layer occupies about a quarter of the duct's width, so these layers are quite thick
downstream.
Observing the leading side comparison with experimental data, similar observations
hold. At the lower rotation numbers there is reasonable agreement, but at higher rotation
numbers there is a larger discrepancy. On this wall the model seems to over predict heat
transfer rates with increasing rotation by about 40 %, although the data fall in the same
band near the inlet.
The conclusion to draw from the above observations is that the model is probably
more useful in the qualitative prediction of trends with rotation, while regarding quantitative
observations it is probably useful up to about an x/Dh of 8 or so because the core-layer
assumption is questionable far downstream. However, considering the simplified
assumptions made about the core and the velocity-temperature profiles as well the
approximate nature of integral methods the model captures both trends in rotation and the
qualitative features at the lower and medium rotation rates, with less success at the high
rotation rates. As a first attempt at explaining what is happening in the rotating duct, the
model does not do such a bad job and so it will be used further to make more observations
on the influence of rotation and heating on heat transfer in these ducts. In particular, it will
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be used in a parametric study, similar to that presented for the experimental data in chapter
5.
For the prarametric study here, the particular x/Dh location of 4.24 was chosen.
This location is not near the inlet of the duct and it is also far enough upstream that the
boundary layers are relatively thin. Note that this x/Dh location is nearly identical to an
x/Dh--4.23 which was the axial location chosen for the experimental parametric study in
chapter 5. To study the effects of rotation then the Reynolds number was fixed at
Re=24,000 and the rotation number was varied. The heat flux to the walls was also held
constant in this case while varying the rotation.
Figure 6-6 shows the variation of Nusselt number with Rotation number as well as
experimental points from the discussion in chapter 5 for the trailing and leading sides. On
the trailing side, the model does an excellent job predicting the increase of Nu with rotation
number up to Ro=0.25 after which it continues to show an increase in Nu, where as the
experiment shows a rapid improvement in heat transfer for the same rotation. The
agreement with the model predictions is excellent up to this rotation number and the rate of
increase of Nu is predicted quite well by the model at this axial location. This figure verifies
the usefulness of the model as a prediction tool for heat transfer trends, at least in this
rotation range.
On the leading side, the agreement is also quite good throughout the range of
rotation numbers, except at a rotation number of 0.25 where the model and experiment are
within 30% of each other. The reason is because after this rotation number the experiment
predicts a decrease in Nu at a Ro=0.20 and a subsequent increase at higher rotation
numbers. The model did capture this feature but at a much earlier location. At this axial
location according to the model the rebound in Nu has already occurred. Overall, given the
simplicity of the model this agreement is quite good. This decrease in the Nu ratio is
probably due to the interaction of the near wall flows with buoyancy and Coriolis forces
and it is not expected that this simple model can capture this phenomenon. Unfortunately
calculations at higher rotation numbers were not performed as there were numerical
problems with the equations at very high rotations. Also no parametric study was attempted
downstream, where the layers might be thick.
The conclusion to draw then so far is that the model predicts reasonably well at this
particular axial location the effects of rotation up to a rotation number of 0.25, for both the
leading and trailing sides. It remains to study through the model the effects of buoyancy.
For this purpose, figure 6-7 was prepared. It shows the variation of heat transfer predicted
by the model as a function of the Rayleigh number. Increasing Rayleigh numbers imply
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from Chapter 5
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Leading Sides
increasing buoyancy effects. Both the trailing and leading sides are shown. The Reynolds
number is =24,000. Each cluster of points was obtained by fixing the rotation number and
varying the heat flux q. In order to see the trends better a fit through the points is shown
with the dotted lines.
The model predictions are quite interesting. On the trailing side increasing the Ra
number increases the Nu ratio at this axial location, at a higher rate initially and at a slower
rate at the higher Ra numbers. Interestingly enough note that Nusselt values never fall
below the stationary values as a result of buoyancy. This last observation is consistent with
the results of figure 5-4 which shows the experimental variation with buoyancy. It is
difficult to compare these model results with the experiment because as figure 5-4 shows
the experimental data show different regions with increasing and decreasing Nu values and
also show a more complex behavior. What is interesting however is that in the experiment
increases in density generally caused decreases in the Nu number for the outward flow
case. The model does not exhibit this behavior here but note that at the higher Ra numbers
on this side the Nu curves tend to level off. Again the reader is reminded to compare results
on this side the Nu curves tend to level off. Again the reader is reminded to compare results
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from the experiment only at this particular axial station, as the behavior can be quite
different downstream.
On the leading side, the overall behavior according to the model is that the Nu ratio
increases with increases in Ra number, although we noted that in the experiment the
opposite was true, from figure 5-3. However, note from figure 6-7 that at the lower Ra
numbers there is a large cluster of points at Nu values below those of stationary Nu values.
Moreover, even at the higher Ra numbers the enhancement in heat transfer is modest. Note
also that the levels of Nu numbers observed here and in the experiment from figure 5-3 are
comparable.
Thus the conclusion to draw is that the model predicts an overall increase in Nu
with increasing buoyancy at his axial location, as opposed to the experiment which predicts
a decrease, although, there are common trends observed between both experiment and
model. Again it is emphasized that this observation holds only at this particular location. It
is not clear whether the model overestimates buoyancy or whether a possible decrease in
Nu due to buoyancy is offset by an increase due to the Coriolis effect.
The effects of Reynolds number were also examined in this model, but as in the
experiment only two Re were studied, not enough to obtain a systematic study, but the Re
effect according to the experiment is relatively smaller compared to the rotational effect.
Some results were obtained at a Reynolds number higher than 24,000. The heat flux was
chosen according to the values used in the experiment to give approximately a density ratio
of 0.2.
Typical results for the pressure side at a Reynolds number of Re=66,000 are shown
in figure 6-8. Also shown are experimental points of similar test cases at a higher
Re=69,000. The suction side results are not plotted as the trends are similar to the low
Reynolds number case and the purpose of this figure is to validate the model results at
higher Re numbers.
Again it seems that the model does a fairly good job at predicting heat transfer at the
lower to medium rotation numbers, but not at the higher rotation numbers where the
difference may be significant, particularly downstream. Also the data show a different
trend in the inlet but that's probably because of the experimental inlet conditions. Again this
difference is attributed to the model predicting probably thicker than actual layers on the
wall far downstream in the duct.
Considering the model acceptable, at least qualitatively, we may examine the effect
of Reynolds number on heat transfer by comparing two similar cases of rotation and
density ratio, but one at a Re of 24,000 and one at 66,000 ( 66,000 was the Re in the
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model because it is close to the 70,000 Re range used in the experiment ). Two rotation
numbers were used in this comparison, shown in figure 6-9.
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Figure 6-8: Comparison of Model Results with Experiment @Re=66,000
Each figure shows both the trailing and the leading sides for the two Reynolds
numbers. The top graph is for a rotation number of =0. 10, the second graph for a rotation
number of =0.25.
From the figure it is clear that the mechanism by which the trailing edge gets cooled
more as a result of rotation also applies in the case of the higher Reynolds number and even
at this high Reynolds number, effects of rotation are still important. However, note that the
heat transfer curves have the same shape but the Nusselt numbers of the higher Reynolds
number case are consistently lower, for both the leading and the trailing sides. The
difference is not very significant although it is greater for the lower rotation number case.
Experimental data from this study also confirm this trend of decreasing Nusselt number
with increasing Reynolds number and support the results of the model.
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6.6 Concluding remarks on Modeling
A simple integral model was developed to study the flow in a heated, rotating duct.
The model was based on the assumption of an inviscid core and boundary layers on the
side walls as well as simple corner flows. The Coriolis and buoyancy terms were
maintained in the equations of momentum, which along with continuity and energy were
applied to each region in the duct. Simple linear profiles were assumed and the resulting
differential equations were solved to give the heat transfer rates in terms of a Nusselt
number for each surface. The streamwise variation of Nusselt number was considered to be
of most interest.
The model correctly predicted in a qualitative manner the effects of rotation and
buoyancy on heat transfer in the duct. Quantitatively, results agreed quite well at low and
medium rotation rates but showed large deviations at higher Rotation numbers. It was
explained that one possibility for this disagreement is the over prediction of the
development of the layers by this method. At the same time it is possible that the flow
picture assumed does not represent the flow field completely as the real situation might be
more complex in this high rotation-heating rate regime. While the experiment captures these
features, this simplified model probably misses complicated flow patterns such as reverse
flow, layer separation or local stabilization of near-wall flows, all of which have a large
effect on heat transfer.
Keeping in mind these observations, the model correctly predicts an increase in the
heat transfer on the trailing side and a decrease followed by a subsequent increase on the
leading side as a result of rotation. Overall the model predicted increases in Nu with
buoyancy although the opposite trends were observed in the experiment. The effect of
increasing Reynolds number was to decrease the Nu on both sides, although rotational
effects are still evident at the higher Reynolds numbers presented. Thus most of the
observations from the model are consistent with experimental findings in similar ducts, for
the particular axial duct location studied in this parametric study. Again, this is emphasized
because local Nu behavior depends strongly on the particular axial duct location.
Concluding, it might be worthwhile to mention that the model can certainly be
improved, for example by including variations in the circumferential direction, employing
higher order or more accurate turbulent profiles and skin friction laws, improving the
corner flow model and allowing for a more accurate picture of how the core interacts with
the layers. However, recall that the goal of this first attempt was to try and capture the
relevant physics in this type of flow in a simplified manner. If all of the above changes are
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incorporated, the problem may become quite complex, at which point a full numerical
simulation might be equally worthwhile to try. It is believed that the simple model
presented captured most of the important phenomena found in these heated rotating ducts
without resorting to complicated computational methods, at least at a qualitative level,
which can be equally important in understanding the physics of these flows.
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Chapter 7
Conclusions
A parametric study of the influence of rotation on the heat transfer in a smooth
rectangular passage rotating in the orthogonal mode was conducted. An infrared
temperature measurement technique was employed in order to measure the wall
temperature. The high spatial resolution of the infrared detector and imaging system
allowed for a detailed survey of heat transfer coefficients on the model's surface. The
effects of rotation and centrifugal buoyancy on the Nusselt number were quantified by
varying the Rotation number, Density ratio, Buoyancy Parameter and Reynolds number.
Both inward and outward flow configurations were investigated. The measurements show
that rotational effects on the heat transfer in these passages are significant and proper
turbine blade design must take into account the effects of rotation, buoyancy and flow
direction on the local Nusselt numbers.
The behavior of the Nusselt numbers varied depending on the particular side of the
passage, the local axial location, flow direction and the specific scaling parameters, but
some general observations can be made. In the case of outward flow, for the base test case
of Re=25,000, the Nusselt numbers on the trailing face increase with rotation throughout
the duct and are significantly higher than those on the leading side. This behavior is
attributed to the Coriolis cross flows which impinge on this surface at high rotation
numbers. On the leading side, the Nusselt numbers tended to decrease toward stationary
values near the inlet, particularly for Ro numbers between 0.20 and 0.30 and subsequently
increased with rotation downstream in the passage. This is attributed to both the Coriolis as
well as the effect of centrifugal buoyancy. The Nusselt numbers on the side walls in
general increased with rotation.
Increasing the density ratio in the case of outward flow generally tended to decrease
Nusselt numbers on the leading and trailing side but the exact behavior was strongly
dependent on the local axial location. On both of these sides, Nusselt numbers tended to
decrease with increasing buoyancy parameters (Bo ) upstream in the passage but increased
with increasing Bo farther downstream.
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In the case of inward flow the trailing side showed lower Nusselt numbers than the
leading side, due to the reversal of the Coriolis induced flows which in this case impinge
on the leading face. However, at higher rotation numbers the trailing side was observed to
be cooled significantly. Locations far downstream in the passage show decreases with
increasing Ro number on both sides, but increases with Ro number upstream. Overall in
the case of inward flow the increases in Nusselt number with Ro were relatively smaller
than in the case of outward flow.
Increasing the density ratio in the case of inward flow generally tended to decrease
Nusselt numbers but it was found that the exact behavior is a strong function of the
particular axial location. Upstream in the passage the behavior was quite complex and it
was not easy to separate the effects of rotation and buoyancy. Downstream for both the
leading and trailing sides increasing the buoyancy parameter caused relatively small
changes in the Nusselt number, although mean values below stationary Nu values were
found.
The effects of rotation in the case of outward flow at a higher Re=70,000 were
similar to those at the lower Re, for both sides. Generally, it was found that increasing the
Re on the leading face decreased the Nusselt number ratio Nu/Nu. but the relative changes
were small. On the trailing face, the cooling can be significant compared to the stationary
case at the high Reynolds number, higher rotation range ( Ro=0.20 ). In the case of inward
flow a more limited number of tests showed small increases in the Nusselt number ratio
with increases in Reynolds number but these tests were performed at lower rotation
numbers ( =0.10 ). More tests at higher Re are needed to quantify the behavior of high
Reynolds number, inward flow.
In addition to the experiment, a momentum integral model was developed as a first
attempt to capture certain important trends of the flow in heated rotating ducts. The model
assumes a core and boundary layers along the walls. A constant heat flux thermal boundary
condition is simulated. The Coriolis and buoyancy terms are maintained in the equations
and simple profiles are assumed for the velocity and temperature. Upon substitution of
these profiles the integral equations become differential equations in radius only. A
parametric study was conducted with the model. The model predicts quite well the behavior
of Nusselt number compared to experimental data on both the leading and trailing sides up
to rotation numbers of 0.20 and at locations upstream at x/Dh of less than 8. Far
downstream the layers are not thin anymore and the core-layer picture is questionable. A
rotational Rayleigh number ( Ra ) was used to quantify the effects of buoyancy. The model
correctly predicts decreases in the Nusselt numbers relative to stationary values on the
leading side but shows that overall Nusselt numbers increase with increases in Ra. In the
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variation with Reynolds number, the model predicts higher Nusselt numbers relative to
stationary values for the smaller Reynolds number but a relatively small difference between
the two. Given its simplicity, the model successfully captures the features of the flow in
these heated ducts surprisingly well.
The existing data and modeling contribute to our understanding of the rotational
effects on heat transfer in these passages. Hopefully, these results can be used in
conjunction with other experiments in the development of empirical correlations which can
benefit the designer of both aircraft and ground based gas turbines.
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Appendix A
Calibration
An explanation of the calibration procedure used is given here. As mentioned in
section 2.3, the calibration is used to factor out local surface emissivity changes as well as
geometric and mirror imperfections. During the calibration, a plug made out of Boron
Nitride is inserted in the test section. The plug fits snugly in the passage and its purpose is
to provide a nearly uniform temperature in the circumferential direction. There are three
type K thermocouples embedded in the boron material at known radial locations.
The rotating test section is heated up and once steady state is reached the
temperatures are recorded, as well as the corresponding current setting. At the same time,
the model surface is scanned and an infrared voltage map is obtained, according to the
experimental procedure described in section 3.7. Typically six calibrations are performed in
order to simulate wall temperatures encountered in an actual test, with calibration
temperatures ranging from =150 F to = 600 F.
The next step is to obtain a temperature-voltage map for each element on the
surface. This is done by first fitting the three recorded temperatures with a second degree
polynomial. This is justified by the fact that during calibration the model loses heat from
both ends by conduction. The test is done during steady state and assuming that there are
no circumferential temperature variations, the energy equation can be applied, which in this
case can be written in the simplified form:
d2 T(x) q
2 k (A.1)dx2  km
where km is the test section thermal conductivity and x is the coordinate along the length of
the test section ( the radial direction for the experiment ). The solution of the above equation
is given by:
166
T(x) = x2 + Clx + C2
km
(A.2)
where C1, C2 are constants of integration. The form of equation A.2 explains the second
order fit to the temperature data. Some typical experimental curves obtained by this method
for different current settings are shown in figure A-1 below:
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Figure A-1: Typical Parabolic Fits to Temperatures from Calibration
Once the temperature fits are obtained, then each element on the test section has six
voltage-temperature pairs. According to Stephan-Boltzman's law, radiation scales with the
fourth power of temperature:
V - T4  (A.3)
or in other words the voltage scales linearly with T4 . Thus a linear fit is used for the six
points above and so every element on the surface has each own linear curve, from which
for a measured voltage, say Vx, the corresponding temperature Tx can be deduced as
shown in the schematic of figure A-2:
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Figure A-2: Calibration Map Schematic for Each Model Element
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Appendix B
Evaluation of Dimensionless Parameters
and Physical Properties
The dominant experimental scaling parameters were presented in Chapter 2. In this
section their method of evaluation is presented along with some information about
evaluation of physical properties. During this discussion some limitations on these
parameters will also become apparent.
The Reynolds number was defined from equation 2.6 as:
Re = pUDh (B.1)
In equation B.1, Dh is the hydraulic diameter of the passage and it is equal to 7.5 mm. U is
the mean radial velocity given by continuity:
U= (B.2)
pA
where rih is the mass flow rate and A is the test section cross sectional area. In equation
B.2 the density p is evaluated as a function of pressure and temperature from an ASHRAE
Thermophysical Properties of Refrigerants Table [1]. The dynamic viscosity is evaluated as
a function of temperature by using a curve fit obtained from [12]:
S= 1.0xl0 - 6
=1.x109 188.969 803.786 (B.3)
0.75309+
T T2
Equation B.3 is evaluated at the average bulk temperature Tbavg in degrees Kelvin.
The mass flow rhi is evaluated by the following equation:
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ri = riFS MaPSTDT (B.4 )
N MairPSTDT
The above equation applies to the type of rotameters used here which have a steel float and
are calibrated with air. The meter used here is described in section 3.4. In Equation B.4 f
is the percent of full scale that is read directly on the rotameter tube scale. riFS is the
meter's full scale capacity given by the manufacturer and depends on the tube and float
used. For the float used here this constant is 6.85. Mgas is the molecular weight of freon
12 and STD signifies standard day conditions. The term under the square root is essentially
a correction for not using air as the working fluid. If values for Mgas and the standard
conditions are substituted in B.4 , equation B.5 results which gives the mass flow in
kg/sec:
rh = 06.85C 120.93P298.16 ( B.5
N 28.97.1.013x10 5 T
where C is equal to 5.5834x10- 4 and is just a constant resulting from converting to metric
units. P is the pressure at the flow meter which is discussed later and T is the inlet
temperature in Kelvin.
The Rotation number was defined in Chapter 2 as:
Ro- D h  (B.6)
U
Q is the rate of rotation in radians per second. It can be evaluated based on all the previous
quantities.
The density parameter was defined as:
Ap T -Tb (B.7)
P T,
The Density parameter is evaluated at the average wall temperature and average bulk
temperature. The wall temperature is averaged by averaging the wall temperatures of each
element. The bulk temperature is averaged between the inlet and outlet temperatures.
The Buoyancy parameter results from the previous two parameters. Recall that it
was defined as:
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Bo = . PJ(Ro2) R (B.8)
p Dh
Other pertinent quantities involve the Prandtl number defined by equation 2.11:
Pr Cp (B.9)
k
The specific heat is evaluated by the following curve fit [12]:
Cp = 1000(0.116661+ 2.37994x10- 3T - 2.94788x106T 2 +
+1.37282x10-9T 3) ( B.10 )
The freon thermal conductivity is evaluated by the following curve fit [12]:
1.78873-.T
k= (B.11)
1.2495x10 6  3.26554x108727.58 + +
T T2
The specific heat is in J/kgK and the thermal conductivity in W/mK. Eqns. B.10-11 are
evaluated at the average bulk temperatures. The units for temperature are degrees Kelvin for
B. 10 and Rankine for B.11.
The pressure is the only variable left which enters in the evaluation of these
parameters. There are heat exchangers mounted on the rotating arm and there are pressure
losses associated with them and the true pressure at the inlet of the model is needed in order
to compute the true flow Reynolds number. In addition there are seals prior to entering the
inlet heat exchanger. Because the absolute pressure in the rotating frame is not measured, a
simple test was then performed to check the losses through the whole system in order to
see whether the pressure measured in the stationary frame gives a reasonable estimate.
Pressure measurements were made by using taps at various locations, including before and
after the heat exchangers, the flow meter and other points. The flow rate was varied in
order to obtain different flow settings. The system was not rotating.
Some results are shown in table B. 1. The pressure is in psi. Recall that between the
flow meter and the test section, except the piping, is the inlet heat exchanger and the seals.
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Pexit denotes the pressure after the exit heat exchanger outside of the rotating arm and
Pinlet is the pressure at the test section inlet and after the flow has been through the inlet
heat exchanger. Pflow meter is the pressure at the flow meter which is located before the
inlet heat exchanger and outside of the rotating frame.
From these tests, at the lower Reynolds numbers, measuring the pressure at the
flow meter or the inlet does not make a large difference. However, at high Re the inlet heat
exchanger can be quite lossy where as the outlet heat exchanger is not.
The conclusion to draw then is that the inlet heat exchanger always has the highest
losses and at higher Re the pressure at the exit is closer to the true pressure at the inlet of
the rotating test section. At lower Re this is still true but the difference is not as significant.
It should be noted that this is the case when the flow is outward. When the flow is inward
and the pipes are switched the reverse is true.
In the computation of the parameters above the exit pressure was used at all times,
although the Re range of tests here was in the 25,000-70,000 and the losses are not as
large. This problem can be alleviated in the future by employing an on board absolute
pressure transducer at the inlet of the model.
Re Pflowmeter Pinlet Pexit
1.51x10 4  30.0 29.8 29.6
4.55x10 4  29.6 28.6 28.4
7.60x104  28.9 26.6 26.1
1.06x10 5  28.1 24.2 23.0
1.37x10 5 27.0 20.9 20.0
Table B. 1: Typical pressure drop through the system
B. 1 Limitations
Note that tne scaling parameters have been explained in more detail it is worth to
consider some limitations associated with them. To aid in this discussion tables B.2
through B.4 were prepared. They show a parametric variation of the scaling groups, such
as Re and Ro for different flow conditions. The base case assumed here was a pressure at
the flow meter of 60 psi, a percent mass flow at the flow meter of 0.5 and an inlet bulk
temperature of 220 F. All of these are typical experimental values. The base case was then
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varied to show how the scaling parameters change. Table B.2 shows a variation with
pressure, B.3 with mass flow and B.4 with inlet temperature. The main parameters of
interest shown in the tables are Ro number and Re. The rotational speed was varied from
10 rps to the maximum speed of 30 rps (rounds per second).
It should be clear from these tables that the experimentalist is limited by quite a few
factors regarding obtaining the useful parameter window within which tests can be run.
Pflow (psi) % flow Tin (F) Re Ro (10 rps) Ro (20 rps) Ro (30 rps)
40 0.5 220 5.41x10 4  0.060 0.12 0.18
50 0.5 220 5.88x10 4  0.066 0.13 0.19
60 0.5 220 6.32x10 4  0.071 0.14 0.21
70 0.5 220 6.73x10 4  0.076 0.15 0.22
Table B.2: Variation of Parameters with Pressure
Pflow (psi) % flow Tin (F) Re Ro (10 rps) Ro (20 rps) Ro (30 rps)
60 0.2 220 2.53x10 4  0.18 0.35 0.53
60 0.4 220 5.05x10 4  0.089 0.18 0.27
60 0.6 220 7.58x10 4  0.059 0.12 0.18
60 0.8 220 1.01x10 5  0.044 0.089 0.13
60 1.0 220 1.26x10 5  0.036 0.071 0.10
Table B.3: Variation of Parameters with Mass Flow
Pflow (psi) % flow Tin (F) Re Ro (10 rps) Ro (20 rps) Ro (30 rps)
60 0.5 140 7.53x10 4  0.076 0.151 0.227
60 0.5 160 7.19x10 4  0.075 0.149 0.224
60 0.5 180 6.87x10 4  0.073 0.147 0.220
60 0.5 200 6.58x10 4  0.072 0.144 0.217
60 0.5 220 6.32x10 4  0.071 0.142 0.214
60 0.5 240 6.07x10 4 0.070 0.140 0.210
Table B.4: Variation of Parameters with Inlet Temperature
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Increasing the pressure increases the Reynolds number and Rotation number ( because the
velocity decreases ) but although theoretically the pressure can be increased to any desired
value there are limitations imposed by the strength of the test section walls as well as the
seals. The seals present a significant obstacle and the pressure in these experiments was
never increased above 65 psi.
Increasing the mass flow will also increase the Reynolds number but the Rotation
number decreases significantly, all else held constant and at Reynolds numbers of greater
than 100,000 the rotation number is only ~0.13 , even at the highest rotation possible. The
interest here is rotational effects on cooling and at these higher Re numbers these effects are
not easily noticeable. The speed limitation of 30 rps is a serious one and when the rig runs
at these high speeds for a long time, all components including the seals and bearings
undergo significant wear.
Temperature also complicates things because it is related to the density parameter.
Increasing the current to the test section increases the bulk temperature at the inlet and
causes a decrease in Reynolds number and rotation number because the flow velocity
increases. This is troublesome particularly when trying to obtain high Reynolds number,
high rotation, high density ratio tests.
The above tables provide some general guidelines about what the present rig can
and cannot achieve in terms of the scaling parameters. An additional point here regarding
this experiment and those performed by Jones [12] and Barry [2] on the same rig is the
constant wall heat flux limitation. Because the heat flux is constant, the wall temperature
varies. However, the density ratio previously was defined based on the average wall
temperature, which however is not known until after a test. Therefore, setting the current to
obtain the right density ratio is a matter of previous experience and experimentation with the
rig. This is complicated by the fact that the density parameter depends on the flow rate as
well ( through the bulk temperature ) which in turn affects the flow velocity and therefore
the Rotation number! So experimenting with these parameters can be a cyclic procedure as
one parameter affects the other. This is why when the data is presented one may note
density parameters or Reynolds numbers within three percent of each other or more.
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Appendix C
Data Reduction
When the IR detector scans the test section at each radial location, 256 points of the
signal are collected in the circumferential direction. Although the detector is focused on
only one side at a time it still senses radiation from the other sides. So of the 256 points
only 9 to 40 points correspond to the actual model width. Thus the first step is to separate
the focused signal from the rest of the data that is out of focus. This is done by " stripping "
the data based on the index pulse information of the optical encoder. A computer subroutine
performs this task and the data is further inspected manually to ensure that the right points
have been maintained. On the smaller sides, 8 to 9 points are maintained where as on the
wider front and back sides there are 29-30 points.
Once stripped, the data is the form of voltages. A data reduction subroutine takes
these voltages and converts them into temperatures based on the voltage-temperature
calibration scheme of Appendix A and the curve fits for each element. A matrix file
containing the experimentally measured parameters is also inputted to the program. An
energy balance is then performed on each surface element based on the scheme described in
Chapter 2, experimental overview. The wall temperature is now known. The inlet bulk
temperature has been measured and the local bulk temperature is computed by assuming a
linear bulk temperature profile along the test section. The computed exit bulk temperature
compared to the measured one gives a measure of the accuracy of the method. The local
Nusselt numbers are obtained as defined previously and the other parameters such as
Density, Reynolds number, Rotation number etc. are evaluated according to the method of
Appendix B. The program cycles through and repeats this procedure for each side.
The resulting data files are in matrix form, that is radial pass, circumferential
location and Nusselt number value and can be plotted or inspected for further analysis.
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Appendix D
Data
D. 1 Outward Flow
Test Re Ap/p Ro Bo Nuoo
No.
b18 2.63x10 4  0.130 0.06 0.024 69.3
g93 2.57x10 4  0.116 0.11 0.084 67.8
g99 2.57x10 4  0.113 0.20 0.264 67.6
b02 2.50x10 4  0.115 0.30 0.637 66.1
b15 2.54x10 4  0.104 0.54 1.856 66.6
b19 2.64x10 4  0.202 0.06 0.045 68.9
g95 2.52x10 4  0.191 0.11 0.143 65.7
b05 2.52x10 4  0.191 0.20 0.462 65.4
b06 2.47x10 4  0.184 0.25 0.722 64.5
bl0 2.59x10 4  0.204 0.31 1.207 67.1
b35 2.47x10 4  0.182 0.50 2.705 63.5
b21 2.44x10 4  0.298 0.06 0.065 63.0
g97 2.49x10 4  0.257 0.11 0.188 63.7
g96 2.40x10 4  0.272 0.10 0.181 61.6
b12 2.46x10 4  0.269 0.19 0.585 62.6
b36 2.53x10 4  0.258 0.30 1.456 64.0
b23 7.14x10 4  0.123 0.06 0.024 154.6
b24 7.02x10 4  0.108 0.10 0.071 151.9
b27 69.5x10 4  0.108 0.21 0.301 149.7
b28 70.7x10 4  0.193 0.06 0.049 151.9
b29 6.90x10 4  0.193 0.11 0.132 147.5
b30 67.5x10 4 0.183 0.20 0.434 144.6
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D.2 Inward Flow
Test Re Ap/p Ro Bo Nuoo
No.
b49 2.58x10 4  0.189 0.06 0.040 68.4
b51 2.47x10 4  0.220 0.10 0.138 65.9
b53 2.52x10 4  0.209 0.20 0.522 66.6
b72 2.55x10 4  0.190 0.30 1.056 67.0
b74 2.43x10 4  0.187 0.49 2.765 63.8
b55 2.58x10 4  0.302 0.07 0.085 66.8
b56 2.54x10 4  0.298 0.11 0.217 66.2
b57 2.49x10 4  0.273 0.21 0.736 64.9
b58 2.52x10 4  0.267 0.28 1.243 65.2
b60 2.49x10 4  0.112 0.05 0.018 66.8
b61 2.61x10 4  0.124 0.10 0.081 69.3
b62 2.57x10 4  0.125 0.20 0.305 68.1
b63 2.56x104 0.101 0.30 0.543 68.2
b69 6.90x10 4  0.179 0.07 0.048 149.1
b70 6.89x10 4  0.182 0.10 0.122 148.8
b65 70.4x10 4  0.116 0.06 0.022 152.9
b66 69.0x10 4 0.122 0.10 0.077 150.5
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Appendix E
Error Analysis
E. 1 Heat Transfer Coefficient Error
The computation of the heat transfer coefficient depends upon the determination of
the radiation term, the conduction term, the electrical heating term and the difference
between the local wall and bulk temperatures. In addition it depends on the model's
properties (resistance ) and geometry ( surface area ).
The wall and bulk temperature difference constitutes a great source of error in the
calculation of the heat transfer coefficient h. Recall that it is defined as:
h= (E.1)
A(T, - Tb)
where, from chapter 2, q refers to the net heat flux due to radiation, conduction and
electrical heating. Note from equation E.1 that the smaller the wall-bulk temperature
difference the largest the expected error in h. Small net heat inputs also cause a large
uncertainty in h. Small wall-bulk temperature differences and small net heat inputs typically
are found in the small density ratio tests. Further, because the density ratio here is an
average over the surface it is expected that the uncertainty is greater on the trailing surface
and smaller on the leading surface. Note that the wall temperature is measured with the
radiometer where as the bulk temperature by thermocouple, so any systematic errors do not
necessarily cancel each other.
Regarding the specific temperature errors, the bulk temperature is measured using
type K thermocouple as described in chapter 3, which has a standard accuracy of 2.2 K or
0.75 % of measured current above 00 C. The thermocouple signals are fed into the
transmitters described also in chapter 3, Omega model TX-91K, which have an accuracy of
+-0. 1% of Full Scale referenced to the mV input ( includes effects of linearity, hysteresis
and repeatability ). These transmitters are calibrated according to the procedure in chapter 3.
Thus the error in the bulk temperatures is due to the calibration of these transmitters and the
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standard accuracy of the thermocouple used. It is estimated that the maximum uncertainty in
temperature due to the calibration and repeatability etc. is of the order of 2 K. The wall
temperature is taken to be accurate within 2 K. [2].
The bulk temperature during a run is not steady but may vary over the test time.
Only tests with temperature variations of the order of 5 K at most are considered valid, so 5
K will be taken as the error in the measurements due to drift.
Thus based on these temperature errors one can estimate the errors involved in the
computation of h for several actual test cases from this experiment, with a low, medium
and high density ratio. In table E.1 the test number, density ratio and current used are
given, along with the typical average wall and bulk temperatures for these tests. The heat
transfer coefficient is then computed from equation E. 1 based on this wall-bulk difference
and considering only joule heating. Then a maximum error of 10K is added to this
difference ( i.e. 5 K+2K+2K+1K allowed for random error ) and the heat transfer
coefficient is recomputed. The difference between the two values of h gives an idea of the
error due to Tw-Tb and the error expected at lower density ratios.
Test q W/m2  Dens Ratio Tw-Tb[K] Terror hideal herror Ah % Error
b15 16840 0.104 39.9 10 422.0 337.5 84.5 25.0
b35 29090 0.182 83.5 10 348.4 311.1 37.3 12.0
b36 36000 0.258 130.5 10 275.9 256.2 19.7 8.0
Table E. 1: Error in h as a function of wall-bulk Temperature Difference and Density Ratio
It should also be mentioned at this point that during the data reduction process, the
local bulk temperature is computed by assuming a linear bulk temperature profile, based on
the fact that in a stationary tube with constant heat flux the temperature varies linearly in x.
In the experiment the inlet bulk temperature is measured and the computed outlet bulk
temperature is compared to the measured value. The difference in the two temperatures
typically is quite small, of the order of 3K or so ( for example, this was the case for tests
b15 and b19 ).
In the computation of the heat transfer coefficient conduction also plays an
important role. As it was mentioned in chapter 2, the conduction term is computed by
fitting the temperature data with polynomials and analytically taking the derivative. Each
element on the model has its own conduction correction factor, both in the circumferential
and radial direction. The conduction factor is monitored during the data reduction process
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and in most cases it is of the order of 10% of the Joule heating and in the worst case of the
order of 20%. The conduction term is expected to be more significant at the lower heat
input cases and lower Reynolds numbers.
The remaining two terms in the computation of h involve the radiation loss term and
the joule heating term. The radiation term, which is maintained in the energy balance for
each element is of the order of 3% and jumps to 7% of the joule heating in the worst case,
so its contribution to the overall error is small.
The joule heating term is the familiar 12 R term and it is very significant in the
computation of h. The error in the resistance of the model is of the order of 2%. The
current is measured as described in chapter 3 with a calibrated shunt with a rating of
4Amp/mV and by reading the mV signal on a digital voltmeter. The errors associated with
the current are due to the current measuring device as well drift in the reading over the
course of the test. Thus the current is estimated to be accurate to 2 Amps. Then at a typical
current setting of I=120 Amps, the error is of the order of 3%. At even higher power
settings or high density ratio tests ( Density ratios greater than 0.20 ) the error becomes
even smaller.
E.2 Speed Stability Error
The error in the speed affects the rotation number and the buoyancy parameter
which if we recall scales with the square of the rotation number. The tests are performed
only after the rig is running in steady state. The speed is computed by the optical encoder
signal and a computer subroutine. The speed for each test is recorded at the beginning of
the scan of each side and an average is taken from the four readings. Typically, the speed is
within 0.5% of the measured average value and in the worst case 1% at the higher rotation
end where vibration is more noticeable, so for most tests the rig is running at steady state.
E.3 Mass Flow Error
The error in the mass flow affects the calculation of the Reynolds number. The
mass flow is computed from equation B.5 which is reproduced here for convenience:
120. 93 *P 298.16
rh = 06.85C 2 (E.2)
28.97 .1.013x105 -T
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Recall that 0 is the percent reading on the linear scale on the tube of the flow meter, which
is recorded manually and C is just a constant from conversion to metric units (
C=5.5834x10 -4 ). The flow meter is accurate within 2% of full scale according to its
standard specifications. In addition, the mass flow computation is affected by the errors in
the bulk temperature which have been discussed already as well as errors in pressure.
The pressure is measured as described in chapter 3 by an Omega 0-100 psi test gage
accurate to 0.25% of full scale. For most tests the pressure is in the 52-60 psi range and
does not vary more than 1 psi over the test time ( unless a leak develops in the system ).
These errors in pressure, percent flow and previous errors in temperature are used to
compute the error in mass flow as shown in table E.2. The computations were performed
for an inlet bulk temperature of 350 K and a pressure of 60 psig. The units for the mass
flow are kg/sec.
% Flow Mass Flowideal Mass Flowerror Error
20 0.00325 0.00357 10 %
40 0.00650 0.00682 5 %
60 0.00975 0.0100 3%
80 0.0130 0.0133 2.5 %
100 0.0162 0.0166 2%
Table E.2: Error in Mass Flow
Because the Reynolds number scales directly with mass flow as:
ReDh = ( E.3)
yUA
then the errors above also represent typical errors for the Reynolds number. Most of the
tests here are performed at a Reynolds number of =25,000 (= 0.22 % flow ) and so the
error for this Reynolds number is at most of the order of 10 %. At the Reynolds number of
69,000 the error is a lot smaller.
181
Appendix F
As was shown in Chapter 6, the appropriate differential equation for the radial
development of say the top layer may be written as:
dt 1 dU. 2i2St 188St V 613 2 (x+xo) T st21dt + d (53t) = 3Cf + -+o (Twt - T.,) t-
dx U0  dx U -U. U0 U2 2,t
where all the terms have been defined before. The initial condition for this equation is that
St(O)=0. However, one notes that the equation above becomes unbounded as x approaches
zero ( because Cf - (1/8t )1/6 from equation 6.30 ). So to treat this problem, we may
assume that we can start the numerical integration from some intitial value, say xo, where
5o(xo) can be determined by taking the limit of the equation above as 8t approaches zero.
Taking this limit we have:
= 3Cf
dx
where Cf is given by equation 6.30: Cf = 0.020Re3-1 / 6
USNote that Re8 is Re = Substituting in the simplified form above and integrating this
V
ordinary differential equation we obtain S(o  1 )5/6 where C1 = 0.060 U -1/6. So
xo may be chosen small enough to yield a reasonably accurate initial condition in order to
step the integration.
With the above condition then the Runge Kutta scheme was employed which is
straightforward to use and a description of which may be found in standard mathematics
and numerical analysis texts.
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Nomenclature
Q Angular Velocity, rad/s
S Boundary Layer thickness, m
f1 Coefficient of Thermal Expansion, 1/K
Ap Density Ratio
P
6* Displacement thickness,
ih Mass Flow, kg/sec
0 Momentum thickness
Rotation Vector
R Vector from center of rotation to a point on the model
ii Velocity Vector
A Area, m2
a Thermal Diffusivity, m2/s
Bo Buoyancy Parameter
Cf Skin Friction Coefficient
cp Specific heat, J/Kg-K
Dh Hydraulic Diameter, m
e Eddy Viscosity
e Emissivity
eH Eddy Diffusivity of Heat
Gr Grashof Number
H Height, m
h Heat transfer Coefficient, W/m2 K
I Current, Amps
k Thermal conductivity, either of the model or the fluid as noted,
W/m-K
L Length, m
M Molecular Weight
It Dynamic Viscosity, kg/m-s
v Kinematic Viscosity, m2/s
Nu Nusselt Number
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Nuoo Nusselt Number predicted by Colburn equation
p Pressure, N/m2
Pr Prandtl Number
Q Volume Flow, m3/s
q Heat Flux per unit area, W/m2
R Radius, m
p Density, kg/m 3
R, Rf Model Resistance, Ohms
Ra Rayleigh Number
Re Reynolds Number
Re6 Reynolds Number based on the boundary layer thickness
Ro Rotation Number
rps revolution per second
G Stefan-Boltzmann Constant, 5.67x10-8 W/m 2 K4
T Temperature, F or K
t Model thickness, m
I Shear Stress
U Mean Radial Velocity, m/s
u, v, w Velocity components in x, y and z directions
Uoo Core velocity in x direction
V Voltage, Volts
Voo Core velocity in cross flow plane
W Width, m
Woo Core velocity in z direction
x Radial Coordinate, m
x0 Distance to origin of model from center of rotation, m
y Circumferential Coordinate, m
z Coordinate along axis of rotation, m
Subscripts
b bulk
bl boundary layer
cond conduction
conv convection
elem element
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i, j vector/tensor index
m mean
p pressure
r reference
rad radiation
s suction
sec secondary
side side ( leading or trailing in model )
t top or turbulent
It thermal
w wall
Core or stationary value ( as in Nu )
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